Y IR > &

AD-A217 087

CORRELATION-INDUCED CHANGES OF SPECTRA .

Professor Emil Wolf

Report on some research carried out undéer the ARO-URI program

at the University of Rochester

_DTIC
i

December, 1989 | ¥ Cm

- ——————. - e ——— e ae -

90 01 22 138




UNCLASSIFIED MASTER COPY - FOR REPRODUCTION PURPOSES

(] .. -
REFORT DOCUMENTATION PAGE
o, REPORT SECURITY CLASSIFICATION . RESTRICTIVE MARKINGS
SN 1) T3 F-T.T-0 04 1Y S
To. SECURITY CLASSIFICATION AUTHORITY 3 OISTRIBUTION/ AVAILABILITY OF REPORT
75, DECLASSIFICATION / DOWNGRADING. SCHEODULE Approved for public release;
, distribution unlimited.

m i . e ———————— e ————— s
4. PERFORMING ORGANIZATION REPORT NUMBER(S) 5. MONITORING ORGANIZATION REPORT NUMBER(S)

ARO 24626.119-PH-UIR

m YT T T T T e e
6a. NAME OF PERFORMING ORGANIZATION 6b. OFFICE SYMBOL 7a. NAME OF MONITORING ORGANIZATION
University of Rochester (If applicable)

U. S. Army Research Office
6c. ADDRESS (City, State, and ZIP Code) 7b. ADDRESS (City, State, and 2iP Code)

P. 0. Box 12211
Research Triangle Park, NC 27709-2211

Rochester, NY 24627

82. NAME OF FUNDING / SPONSORING 8b. OFFICE SYMBOL [ 9. PROCUREMENT INSTRUMENT IDENTIFICATION NUMBER
ORGANIZATION (If applicable) DAALO3-86-K-0173
U. S. Army Research Office
8c. ADDRESS (City, State, and 2IP Code) 10. SOURCE OF FUNOING NUMBERS
PROGRAM PROJECT TAS WORK UNIT
P. 0. Box 12211 ELEMENT NO. [NO. NO. ACCESSION NO.

Research Triangle Park, NC 27709-2211

11. TITLE (Include Security Classification)
Correlation-Induced Changes of Spectra

12. PERSONAL AUTHOR(S)
Emil Wolf
13a. TYPE OF REPORT 13b. TIME COVERED 14. DATE OF REPORT (Year, Month, Day) I'S. PAGE COUNT

FROM TO December 1989

{ 16. suPPLEMENTARY NOTATION
The view, opinions and/or findings contained in this report are those

of Ehe authar(i) and shiuld not ,be constLugd asI an gfficial pgggrtment of the Army position, ;

17. COSATI CODES 18. SUBJECT TERMS (Continue on reverse if necessary and identify by block number)
FIELD GROUP SUB-GROUP *"Spectrum of Light, Doppler Effect, Communication
, Techniques, Spectro-Radiometric Scales,/ I/.aser Beams,
; Turhulence Theordies, Spectral Lines — -  *it 1}
19. ABSTRACT (Continue on reverse if necessary and identify by block number) )
™~

It is generally taken for granted that the spectrum of light docs not
change on propagation. This belief is implicit in all spectroscopy. In the
last few years it was discovered that while such spectral invariance holds for
radiation from commonly used sources it does not hold, in gencral, because
the spectrum of emitted radiation depends not only on the source spectrum [~

(CONT'D ON BACK)

20. DISTRIBUTION / AVAILABILITY OF ABSTRACT 21. ABSTRACT SECURITY CLASSIFICATION
CuncLasSIFEDAUNUMITED [ SAME AS RPT. ] OTIC USERS Unclassified
T~ ————_——— P
223. NAME OF RESPONSIBLE INDIVIDUAL 22b. TELEPHONE (inciude Ares Code) | 22¢c. OFFICE SYMBOL
DD FORM 1473, sa MAR $3 APR edition may be used until exhausted. SECURITY CLASSIFICATION OF THIS PAGE

All other editions are obsolete. UNCLASSIFIED

. 4




UNCLASSIFIED N, -
i SECUMTY CLASSIFICATION OF THIS PAGR I
SN N

\

\"but also on the coherence properties of the source. It was found that in some
cases the induced changes may be appreciable, possibly resulting in
frequency shifts of spectral lines. It has also been demonstrated that similar
spcctral changes may be produced by scattering on random media whosc

dielectric susceptibility fluctuations are appropriately correlated.

{ Very recently it was shown that under certain circumstances the

x frequency shifts generated by dynamic scattering may imitate the Doppler
| - effect, even though the source, the scatterer and the observer arc all at rest
‘l >\

s+ relative to each other. —~

The results appear to have considerable potential for both scientific and

technological applications, for example in the following areas:

(1) Development of new communication techniques, some of which
could be employed for covert operations.
(2) Improvements in the accuracy in. standards determination for

spectro-radiometric scales.

(3) Improvements in the accuracy in tracing of satellites by laser
beams.

(4) Testing of theories of turbulence.

(5) Astronomical applications, especially in connection with inter-

pretation of some puzzling features observed in the spectra of

various astronomical sources, particularly quasars.

UNCLASSIFIED

SECURITY CLASSIFICATION OF THIS PAGE




]

Rl Y

CORRELATION-INDUCED CHANGES OF SPECTRA
Professor Emil Wolf

Report on some research carried out under the ARO-URI program

at the University of Rochester

DTIC

ELECTEE
JAN22 1930

December, 1989 B

3

{ BUTION STA A

Approved for public relecse;
Distribution Unlimited




LIST OF CONTENTS

Introduction

Some recent press reports

List of references to papers dealing with correlation-induced changes

of spectra
Selection of basic theoretical papers

Selection of some experimental papers

4

T
J3L1034SM)
AdOD

5149

I

Accesasion For

NTIS GRAAI W
DTIC TAB 0
Unannounced

O
Justifioation

By.

Distribution/

Availability Codes

Dist

Avail and/or
Special

A
s




1. INTRODUCTION

It is generally taken for granted that the spectrum of light does not
change on propagation. This belief is implicit in all spectroscopy. In the
last few years it was discovered that while such spectral invariance holds for
radiation from commonly used sources it does not hold, in gencral, becausc
the spectrum of emitted radiation depends not only on the source spectrum
but also on the coherence properties of the source. It was found that in somc
cases the induced changes may be appreciable, possibly resulting in
frequency shifts of spectral lines. It has also been demonstrated that similar
spectral changes may be produced by scattering on random media whosc

dielectric susceptibility fluctuations are appropriately correlated.

Very recently it was shown that under certain circumstances the
frequency shifts generated by dynamic scattering may imitate the Doppler
effect, even though the source, the scatterer and the observer arc all at rest

relative to each other.

The results appear to have considerable potential for both scientific and

technological applications, for example in the following arcas:

(1) Development of new communication techniques, some of which
could be employed for covernt operations.

(2) Improvements in the accuracy in. standards determination for
spectro-radiometric scales.

(3) Improvements in the accuracy in tracing of satellites by laser

beams.




(4) Testing of theories of turbulence.
(5) Astronomical applications, especially in connection with inter-
pretation of some puzzling features observed in the spectra of

various astronomical sources, particularly quasars.

The latest paper entitled “Correlation-induced Doppler-like frequency
shifts of spectral lines” by E. Wolf, published in the November 13, 1989 issue
of Physical Review Letters (Vol. 63, 220-223) has attracted considerable
attention, as is evident from reports that have since then appeared in

various magazines in both the USA and abroad. A selection of them follows.

In this booklet we also include a list of references to all the scientific
papers which have been published on this subject so far, as well as copies of
papers which describe experimental verification of the theory. Most of the
theoretical research was carried out under the sponsorship of the ARO-URI
program at the University of Rochester, by Professor Emil Wolf and his

students and other collaborators.
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Physicist Emil Wolf
extends theory of spectral shifts

University professor
has extended his theo-
ty challenging a tradi-

tional tenet of modern physics
—the cause of spectral shifts.
The work by Emil Wolf, Wilson
Professor of Optical Physics in
the College of Arts and Sci-
ence, could have repercussions
in many areas of science and
suggests our view of the uni-
verse may need to change. Al-
ready, other scientists across
the globe are applying his theo-
ry to long-standing problems of
physics.

Wolf’s latest paper, “Correla-
tion-Induced Doppler-Like Fre-
quency Shifts of Spectral
Lines,” appears in today's issue
of Physical Review Letters. It
represents an expansion of a
principle he described in earlier
work. In the new paper, Wolf
shows how something other
than gravity or the Doppler
Effect can produce dramatic
changes in the behavior of light
or sound; in fact, the mecha-
nism Wolf has discovered can
completely imitate the Doppler
Effect to any magnitude.

Scientists have known for
decades that light from differ-
ent sources has different spec-
tral patterns and that these pat-
terns can help identify the
nature of 8 source. By studying
the spectral patterns emanating
from a star, for example, as-
tronomers can determine its
chemical composition.

Scientists have also known
that light spectra can be shifted:
The spectral pattern that is

characteristic of a certain chem-

ical at a certain wavelength, for
example, can be shifted o
shorter (bluer) or longer (red-
der) wavelengths. Scientists
have long assumed that only

Three years ago Wolf theo-
rized a new cause for spectral
shifts. What has come to be
known as the “Wolf Effect” or
*Wolf Shift” has since been
confirmed several times ex-
perimentally. In his latest paper,
Wolf shows that the Wolf Effect
can shift spectral lines as com-
pletely as the Doppler Shift. In
addition, the shift is consistent
~each line within a spectrum is
shifted in the same proportion.
“This mechanism can exactly
imitate the Doppler Shift, using
known principles of physics
and optics,” Wolf says. “The
redshift can be as large or as
small as you want- in principle,
it can have any magnitude.”
Wolf's theory could have
consequences in a wide range of
areas, including astronomy,
standards specification, coding
of signals, and satellite tracking.
Previously, Wolf showed that
the manner in which atomsina
light source are ordered (source
correlation) affects the way
these atoms emit light and the
way this light travels through
space. When the fluctuations,
or light emissions, from these
atoms are neither fully ordered,
nor coherent (as in a laser), nor
fully incoherent (as in a light
bulb or candle flame), shifts can
occur. Specrtral shifts occur in
the realm of partial coherence.
To explain partial coherence,
Wolf uses this analogy: “Picture
a contingent of 1,000 soldiers
walking across a bridge,” Wolf
says. “If all the soldiers are walk-
ing in step, that's an example of
coherence. If they are all drunk
and wander randomly across
the bridge, that's an example of
incoherence. But if some
walked in step, and some wan-
dered across, that's an example
of partial coherence.”
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Despite confirmations in the
laboratory, it is not known
whether and under what con-
ditions the Wolf Effect occurs
in nature. Wolf and several
associates are continuing their
investigations. A graduate stu-
dent, Daniel James, has devel-
oped a mode! of a medium giv-
ing rise to such shifts. Whether
such media exist in nature is
now being studied by Wolf,
James, and University as-
tronomer Malcolm Savedoff.
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Newly Discovered Property of Light Spectra
May Resolve Major Dispute in Astronomy

By KIM A. McDONALD

An wnusual effect of light discovered by
8 Usiversity of Rochester physicist may
help astronomers resolve the puzzie of
why some objects in the universe that are
connected appear to be traveling at differ-
ont speeds.

In & paper published in this week's issue
of the journal Physical Review Letters,
Emil Wolf, a professor of optical physics at
Rochester, contends that the newly dis-
covered effect, which he predicted three
years ago, may exist on a much larger scale
than has been aobserved in laboratory ex-
periments.

If 0. it may expiain a major puzzie that
has plagued modern astronomers for two
decades.

Messuring Light's Characteristics

The problem concerns quasars, unusual-
ly bright, compact sources of radiation lo-
cated in the centers of ancient galaxies,
that are thought to be among the most dis-
tant objects in the universe. By measuring
the spectral characteristics of the light
emitted by quasars, astronomers have de-
duced that many quasars are near the edge
of the expanding universe, traveling out-
ward at incredible velocities.

Those deductions have been based on
the fact that the spectra from quasars are
typically shifted far to the red end of the
light spectrum. Scientists know that the

Sreajer this "red shift." the greater,the gis-

AN MDw | AWUL. UBIVERNTY §F BOC NISTIS
astronomers who believe quasars are
receding neither as rapidly nor as fer
from Earth as their red shifts indicats.

tance and speed of the object receding from
Earth. This is because of the Doppler ef-
fect, a property of sound and light demon-
strated by the sound of s train whistle as it
travels past an observer—becoming high-
er-pitched as it moves toward the observer
and lower pitched (or shifting toward the
" Continwed pnPage A€,

Continued from Page A4
other end of the frequency spec-
trum) as it moves away.

Physicists have long known that
the Doppler effect and, to a fesser
extenl, gravity, can produce red
shifts in light spectra. In recent
years, researchers in the United
States, India, and ltaly have con-
firmed expenmentally that the ef-
fect predicted by Mr Woll, now
known as the ““Wolf effect.” also
can affect red shifis. But because
the Wolf effect. like gravity, is so
small. astronomers have generally
discounted it in their calculations.

In his paper. however, Mr. Wolf
shows how the Wolf effect could
produce a red shift as large as the
Doppler effect for objects such as
quasars. He said in an interview
that some physicists had already
begun testing his theory th see if it
holds up experimentally.

If true, Mr. Wolf's newest pre-
diction would bolster the claims of
astronomers who believe quasars
are receding neither as rapidly nor
as for from Farth as their red shifts
appear to indicate.

1t would alwo sugges! that astron-
omers may have miscalculated the
age of quasars and their distance
from Earth—iong considered an
important yardstick for seasuring
the size of the universe.

question of whether red

tances has been one of the central
issues of debate among astrono-
mers for the past 20 years.

The debate has become particu-
farfy heated since the discovery of
quasars connected o galaxies, in
which the quasars appear (0 be
traveling away from Farth at a
much faster rate than the galaxies,

have been observed experimental-
ly could be produced when a cer-
tain type of light passes through a
secondary medium, such as the at-
mosphere that surrounds a quasar.

in the laboratory. the Wolf effect
produces a slight red shift in hght
that is partially coherent. Such
tight is produced when the fluctua-
tions, or Light emissions, from the

The question of whether
red shifts refiect real
cosmological distances
has been debated by
astronomers for the

pest 20 years.

an incongruily tha! astronomers
have been unabie to explain.

“That's the conflict that has
brought us to this point.” said
Geoffrey R. Burbidge. a professor
of physics at the University of Cali-
fornia at San Dicgo who is one of
the main proponents of the non-
cosmologica! explanation of red
shifts. ““The daia keep piling up
and people keep arguing about the
dilemma

Mr. Wolf said the Wolf effect
might explain the dilemma, since
receot ations umn (o con-

b s reflect real cosmological dis- /diedd hnde trjér Ms than

in a light source are neither
fully ordered—or coherent. as in a
laser—nor fully incoherent, as in a
light bulb, candic flame. or star.

Source of Radistion Is Unclear

Although Mr. Wolf's model as-
sumes the light from quasars is not
stellar and probably partially co-
herent. astronomers say the source
of radiation from quasars is ot
well understood. But if the light is
pertially coherent. Mr. Wolf said,
as the Auctuations from the sec-
ondary source become greater. so
100 could the red shift, until it ap-
proximated the Doppler effect.

**If one provides s good-emough
madel for the atmosphere around
Quasars, one could quantily it."”" he
sad

Mr. Burbidge, who has exam-
ned Mr. Wolf"s paper, said he be-
kieved the concept was worthy of
further examination and testing

My feching is that he may be on

, the way (o helping us understand

these red shifts.”" he said.
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Stellar
‘yardstick’
disputed

By David L. Chandler
GLOBE STAFF

ew work by a respected physicist
could make the almost-sacred
yardstick by which the universe
has been measured seem rubbery
and unreliable, forging a reexa-

‘mination of some central beliefs of modern

astronomy.

In a paper being published today in the
journa! Physical Review Letters, Emi) Wolf
of the University of Rochester in New York
casts doubt on the accepted view that
changes in the color of light are an absolute
and accurate indicator of astronomical dis-
tances.

The new “Wolf effect” could help to ex-
plain some strange observations involving
distant, highly energetic objects called qua-
sars, Wolf said. But some other physicists
and astronomers say the effect, while prob-
ably real in principle, is likely to be irrelevan
in the real world of astronomy.

The paper strikes to the heart of one of
astronomy’s most cherished laws, a principle
Iaid down by astronomer Edwin Hubble in
1929. Hubble discovered the expansion of the
universe - the fact that all the distant objects
we see in the sky seem to be racing away
from us. - :

Hubble'’s law says that the farther away a
galaxy is, the faster it is going. Therefore, its
speed can be used as a reliable yardstick to
measure its distance from Earth,

And speed is a relatively easy thing te
measure for distant, Tuminous objects like
galaxies - which Hubble proved to be island
universes containing billions of stars each. To
measure their speed, astronomers need only
spread out their light through a prism or oth-
er device to separate out the rainbow colors
that make up white light. -

This produces s spectrum containing
characteristic lines of much brighter light.
These lines, produced by gases in the stars
that emit light of particular colors, have dis-
tinctive spacings like the barcodes on super-
market products - unique “fingerprints” that

STELLAR, Puge 30

2.3




L4

YD A1) PANSYE 18] VU sdm
I3y} J} FIRINU ¥ 3q PNOM I AW )

‘w8 Jo suoiq ey | je3uoury,
‘pies 3y ‘esjadane 03 Ayjosded

8,38 JO UORRISUOWP § T8 Yo .

~0uds WM £q PaIaAcIsIp 8308ME
uoow puw ueid jo fauma pajoad
XN pus- Jupswe a3 Jum)
‘AIIYMIWOS 3DUBD
-YuBis 3wy 03 punoj aq [ 13
<Jo AN PVUALCD §1 NIom 18378 By
JO uUvAdL ) ynddp oym ssoy
Aq uaA3 paradsas m pue Lioayy (8
-Ndo U0 ¥00q HBIP ® PAIAPISUOD 6
WYA PRONINT-00 oym Jlop Ing
"Pfes 3y ,‘'wnsnus peq
ursjdxa 03 pesn somAyd juwaajauy jo

U0 ¥ 93], "ORIRAIUN WA 3L} 0 UOR)

-soqdde ou sey Liqeqoud 1oy Jlom
8} pus RANBuUTUNW AT SUON)BII0EEE
Lxeped-awvenb posoddns 3y Juiles
‘SIpY Ioym A MWEITWSTP UL
P Ioyeg wor wpieiydonsy

‘pooyoqudiou Aqreau
A3anwpaz v 38 3uptoo| 8q A[uo Aww
3 ‘PUIRARM O[QIAIA ) Jo 3B Ay
0} Woure Bujade Jo peatsu] ‘pres ay
o' JRIDAJUR J[QINA 3Y) NUUYS, pnom
™ 93h3 Jlom A Aq payiyspas
Buiaq ars Maly, > Jumsip Apuaredds
A Jo wow J| wauo Aqreau ‘reuon
-u3Auod v Rfdouud sures ay) moj
-0} tou Lew oy #palqo aduens,
348 8323{q0 3qIeiA JuE}BIp j80W
AN Jo [v AMUA Pres 3y ‘asiaa
-lUn 3y} JO MIIA [BUOHUDAUCY WY}
Jo ydnw Juuudpun pMmod 3 puy

pasuo

« Bujsnuosd oxo0|
3 ‘3wl o, “uondauIp WYBK A Uy dage
¥ A[UTepad 8,3] “mowy ,uop | ‘Buipuy
am am sduyy 283y Jo e umpdxe
Alrsaa |[1m 31 J0u Jo J3YI3YM,, INQ 804
-%4Ayd pood, 81 yiom 9jjop prev oy
"3BIIAIUN Y] JO BMIA [GUOTUBAUOD
auiuapun sared Axeed-resenb ppo
A Huiyy oym asoy) Jo auo ¥ o3aiq
ueS/BIUIONED Jo Aysdanu() 3y jo

aBpiqmg £auyosn Jawouonsy

Juonemye sewenb ay
0} 98j3d ,Us30p I ING ‘WIYMIWoe

 #:saado £jqeqoad 33 ‘vap) Junee
-1l us, 8} WL JIOM 3y prew al

WA Jo 181 3y Jo enn A|qeqoud
53 udy), ‘prev oy ‘sVuwEp 1ydu
oY) v aJae way) Jo younq djoym ®
O3 MOYS UBD noK J,, ‘SYTYEpaL J1ayy
£q pajeaiput se saduwmp ,Iy3u,,

1Y) 18 Aj4ed9[d aiw sassenb 1sow
© RMOYS NUIPIAD J8Y) Pes BIYINH

820uw)
HIp YIyspal Jay) 8 are ssesenb
Y3 3A31[aq srdwouonse Jo Juadiad
9'66 A8poy Jwy) sANBWINGD 3y ‘(FY1ys
-pau 513y) £q payedipu} ¥w) BROUBBIP
anoered 8 40 Lqueau auam ssewenb

-Jaylaym 0} ee gg-0g9 “ds Ljqeqoud

219Mm slawouosise 0ds 8183 ()2
FRAIIYA 'PIA|08 UIIQ BBY )1 [33) Mmou
SJ9wouonge jsour ‘uoneanb [eBistaA
-0au0d 8 20UO Fem sreRenb Jo saouw)
-81p 3y a[1ym 18y pres ‘Boiskydonsy
d0J JNU3)) UBUOBYNWIS-PIBAIBH 3y}
8 Jdwouonse us ‘dnpny uyop
"pBiIUn 31 8303(qo

an ps uadwudye wuwy Ldwm .

ame wred yons AIeq wWARUOUGD

-89 190U NG ‘PANIBUUCD A A[edd

£109[qo ay} 8y puw ‘Aceped payow)
4% 9)] usy) Aems Joqire; 6] 3} Msad

Jieey Jevunb ay) YIwm perduucd W
~3yul Jo SI3AB| J8Y) BIANIIQ JIOM
"0139(qo yane jo Jowyed
‘eis1aaoniucd Ajydiy pus ‘aassaadusy
Ue PAIBNWINIIY GASY SI3[J0 M3j ®
pus diy uoj[BH JWOUCNIY "SR
Jo sadpuq, upp £q payuy Jeadde
UIA3 )30(Q0 0Mm) YY) ‘SOVED W08 U]
‘Asms Joyae) sawn Auww are gy

- Kwe myyspas deoym Inq ‘soncered Aq

-A¥3U 0] PAPBUUC W ey - 1
<qo pazie-Axered nsp Kiaa ‘onall
~Jau9 AyBwy aq 0] paastjaq - -aweenb
Auvw asw asayy ‘Jeponaed u]
« TR jrews
AN Ul psauNy Auo w| “udw
Ow A IV, P Y ‘FdAum A
Jo e ayy noqe suswnise e
U} paajoau; 133 03 Juna 3uop |,
*J0J JUNOY
0) IMIYJIP B8LMIDII0 AIB T8Y) ;1I3(q0
Ppo awos ureidxe diy W 3 Jeys
‘y3noy) ‘eadens I "398 UBD am I
-xu[ed ay) [[¢ 0 j0u ‘N3O [EnsENUN
Mmaj 8 0} sadde Lo £jqeqoud 1) prey
3y ‘duo0 [¥ad ® 81 IPYI Y} PIVdU
~u0d 3[IM ‘sune Suidoams Lus
Supew Jnoge snonnwd €] jlom
.
78 Buiaows jou svm 31| 3y} Bumynug
109(q0 Y3 J1 uaAd - paads 18aud Aq

peonpoud Y wo.y eqeyemBupneipu)

CYNIped ¥ Yy dn pue pmod Y N

“Jeuwl Jo @pup| UTEII0 yYBnonn seeved
W3 /) D SUNOW oM 98] AdA

NI} U U} PUS JOA, “POPP oYL
-Bns o) yyepaa ayy 3onpoad pinod |

"PRIBARUN 3y} Jo aBv pus a2
Y} JO MUV  SIRLBOUOIIIE
U0 1RYe Bumyucd et e P
GASU pMod PIYT JIOM 9L uop
-Yuod 0yu} MY paads Jo JuBWIAI0)
R monp pmoa 3 ‘wund Jepss ap
0} sBuipwau poede mo| Jo yBpy Ljpms
~qv Buipues ‘y1ye sarddoq  sonpoad
Ajwpynie pmoa ey epjagys weds
Yia paddinbe eq pmoo e )

sure Jydy
%1 Py woy Lxered aq jo paads
AN o) pAER LpRATp 9 PIYIYS
I sauT| By TEI) SUMSID ], e
g0 Wmsp Jo speads o Yoep 0
Aem 8 Woay) SAALB 9] :SJAUOUCNSY 10}
UONUTY Jures ) 99ALes 3| pus ‘wmd
Jepud - 2a1j0d
4q paen - 12949 aayddoq ap - PaYd
oures oy £q paonpoad & yrys pad,
Y] PaIueR ® 40j0d Jo mOquIeL
an 0} aapwa suopiwod nA Inq
‘oures ay) sleys sy A Jo Bupeds
aAlUNSIp Y], ‘wnidads ayy jo
pua pad ay3 premo} payR(s are seuq
) ‘e wioy Awme Suwmow are ydy
3y 3upnpoad Mfgo apn j1 g
w3y} paonpoud
j8} sa9ed ay) Jo Lynuap: ay) [eoaad
62 aBsq woJj panunuo)
. ¥yvrais a

TeUD JO1)SpIeA, POUSLISYD SIOUIOUOI)SY




S N .

SCIENCE NEWS, VOL. 136, 326,

1989.

Expanding a theory for shifting starlight

If Oscar Peterson were running along-
side a speeding Ella Fitzgerald as she
belted out an A, he would hear an A. But if
the pianist took a breather while singing
Ella raced on, the Doppler effect would
make the note sound lower %0 him.

For close to a century, scientists have
known that the wavelengths of light from
a rapidly receding source in outer space
alsoget Doppler-shilted to lower frequen-
cies and so appear redder than they
would if their source remained station-
ary. Moreover, researchers have assumed
that this so-called redshift can resultonly
from Doppler motion or from a gravity-
based mechanism also uncovered early
this century. .

Not so, contends physicist Emil Wolf of
the University of Rochester (N.Y.). In 1986,
he published a theoretical sketch of a
third mechanism that could account for
part of the redshift of light from exotic
cosmic objects such as quasars. Several
researchers have since reported labora-
tory confirmations of the process, which
some of them refer to as the “Wolf shift"
(SN: 9/13/86. p.166; 7/11/87, p.22).

Now Wol{ reports an important exten-
sion of his theory, suggesting the process
could account for arbitrarily large shifts
toward either the red or blue end of the
electromagnetic spectrum.

Inits earlier form, the theory proposed
a mechanism that could produce small
redshifts in the spectra of light emitted
from certain exotic sources. Wolf sug-
gested at the time that the shifting mech-
anism could emerge physically from
partially synchronized, or coherent, fluc-
tuations in the wavelengths of light
emitted from the countless individual
atomic and molecular “microlamps” that
make up such a source. As these emis-
sions travel through space, their original
spectrum would appear to shilt in the
same way as Doppler-shifted light.

Though its astronomical conse-
quences remain unknown, the theory
could change estimates of the size of the
universe and help explain some anoma-
lous astronomical observations, Wolf
says. However, astronomers have not
rushed to adopt it. No known light source
has components that display the required
correlated fluctuations, Woll notes. He
also blames the theory's unorthodoxy
and its arcane mathematical formulation
for its limited consideration by astrono-
mers.

In the updated theory, described in the
Nov. 13 PuysicaL Review LETTERS, Woll
outlines a more general — and perhaps
physically more plausible ~ mechanism
that could imitate Doppler shiits of any
magnitude. Instead ol requiring the mi-
crolamps in the source to fluctuate in
some correlated fashion, he now pro-
poses that a complex “scattering me-
dium,” such as the electrically charged

and frenetic atmosphere thought to sur-
round quasars, might serve as an unusual
lens that restructures incoming fight to
have redshifting or blueshilting correla-
tions upon leaving the medium. A scat.
tering medium of the right type between
the source and an observer should pro-
duce these effects,” Wolf told SciEnCE
News.

Wolf concedes that astronomers have
never reporied such a scattering medium
and notes that he used simplifying as-

sumptions in both the original and up
dated theories. Nonetheless, the ex
pansion of the theory strengthens the
case for a third physical mechanisn
underlying spectral shifts even in light
from stationary sources. University ol
Rochester astronomer Malcolm P Save-
doff says the soundness of Wolfl's theory
demands that scientists take it seriously
In a paper submitted to ASTROPHYSICAL
JOURNAL, Savedolf, Woll and graduate
student Daniel FV. James have mathe-
matically modeled scattering media that
are consistent with typical models of the
environment near quasars. — /. Amato
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Novel red shifts

UNUSUAL effects in which light is

scattered miﬁht be causing large shifts
in the wavelengths of light in the optical
spectra of distant galaxies and quasars. This
could mimic the effects of the expansion of
the Universe, which astronomers believe
causes the light in distant objects to be
greatly red shifted. The phenomenon might
explain some puzzling associations of qua-
sars with galaxies which have much smaller
red shifts (Physical Review Leters, vol 63,
p 2220}.

Emil Wolf, an optical theorist at the
University of Rochesterin New York State,
has carried out calculations together with
graduate student Daniel James. They find
that large shifts in wavelength are possible
when light is scattered from media with
optical properties that change randomly in
sEace and time. Such media may occur in
the vicinity of the “engines™ that drive
guasars‘ violent galaxies that astronomers

o not understand well at all. The shift
would be similar at all wavelengths, thus
mimicking the shift caused by the expansion
of the Universe.

Wolf first showed, a few years ago, that
small shifts could occur in light that is

artially coherent, when viewed from dif-
erent angles &Physical Review Letters, vol
58, p 2646). Rescarchers have since seen
such changes in the laboratory. Until his
discovery, physicists thought that such shifts
in wavelength could be caused only by the
motion of the light source, or by strong
gravitational fields.

The large shifts, which Wolf and James
redict, have yet to be demonstrated. So
ar, astronomers are unconvinced. “Even if

they can be produced in the laboratory, they
may not exist in nature,” says Malcolm
Savedeff, an astronomer at the Universit

of Rochester. (5
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Cosmic
theory
gets red
light

By Robert Matthews
Science Correspondent

RESEARCH by a dis

professor of physics is likely to
start a major controversy about
the origin of the universe.

The work, published in an
{nfluential journal of physics,
challenges one of the funda-
mental tenets of cosmology:
that light from distant galaxies
reveals how fast the universe is
expanding.

According to current think-
ing, the universe began in a cat-
aclysmic explosion — the Big
Bang — about 15 billion years
ago and has been expanding
ever since,

The proof for this assertion
dates from the 1920s, when the
American astronomer Edwin
Hubble discovered that galax-
{es were racing away from one
another, with their speed
increasing as distance
increased. By measuring this
rate of expansion of the uni-
werse, it is possible to work out
the date of the Big Bang.

But Hubble’s observations
rely crucially on the so-called
“red shift” effect. This is simi-
lar to the change in pitch heard
from a police car giren as it
passes by. Light coming from a
receding galaxy is shifted
towards longer, redder, wave-
lengths of light. By measuring

the “red shift” of a galaxy it is
possible to estimate its speed.

The fundamental assumption
iz that only movement away
from an observer can cause a
red shift. But now Emil Wolf,
professor of optical physics at
the university of Rochester,
New York State, and graduate
student Danfel James bave
found another cause of red
shifts, which has nothing to do
with movement.

It casts doubt on one of the
few things  cosmologists
thought they knew for certain:
that red shifts can be relied on
to work out the age and fate of
the universe.

Professor Wolf has discov-
ered that it is possible to mimic
a red shift when light coming
from a source bounces off mat-
erial with certain optical prop-
erties that change with both
time and location relative to the
source.

Details of the research are
published in the November 13
issue of Physical Review Letters.

The process can account for a
red shift of any size, including
those associated with quasars,
the incredibly bright centres of
galaxies, thought to be the most
distant objects in the universe.

Backing for Professor Wolf's
work may have already come
from a long-standing contro-
versy concerning these objects.

Photographs taken with the
world's largest telescopes by Dr
Halton Arp, an American
astronomer, appear to show
physical links between some
quasars and galaxies. Yet the
red shifts of the two objects are
vastly different, suggesting
they are dbillions of light-years

apart.

The standard explanation is
that the two objects were lying
in the same part of the sky, and
were guperimposed on each

Professor Wolf believes his
pew research may mean that
Arp’s contention that the pho-
tographs prove that there is
something wrong with the red
shift idea will have to be re-
examined. Others think not.

Professor Martin Rees, a lead-
ing astrophysicist at the Insti-
tute of Astronomy |In
Cambridge, said there was
plenty of evidence supporting
the conventional interpretation
of red shifts.

(London, England)
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The Redshift Blues

New redshift theory challenges
both physicists and cosmologists

Redshlfts are to astronomy what

tape measures are to carpentry:
a well-understood tool whose
validity hardly seems open to ques-
tion. Modern cosmology is rooted in
the belief that essentially all observed

redshifts are caused by the Doppler

effect, whereby light emitted by a re-
ceding object is “stretched out” and
so shifted toward the red end of the
spectrum. Emil Wolf of the University
of Rochester, writing in Physical Re-
view Letters, now questions this tradi-
tonal interpretatdon by proposing a
previously unrecognized mechanism
that, he claims, can completely mimic
the Doppler effect.

Wolf suggests that light can be red-
shifted if it passes through a scat-
tering medium in which the index of
refraction varles randomly over both
space and tUme. If suitable correlations
exist within the medium, the light will
change frequencies even though the
overall source is at rest. His calcula-
tions show that the result can in prin-
ciple be a Doppler-like shift across the
entire spectrum.

Wolf's ideas have generated con-
siderable interest and controversy
among his colleagues, in part because
the big-bang theory rests on obser-
vations of redshifts that are interpret-
ed as evidence that the universe is
expanding. Wolf hesftates to suggest
that the big-bang concept might be
wrong. “It {s something that should be
looked at,” he says cautiously.

More plausible, Wolf believes, is the
possibility that his mechanism may
eplain long-disputed quasar-galaxy
pairings. In some instances, quasars
and galaxdes that appear to be physi-
cally associated have vastly different
-redshifts, which indicates, by conven-
tional reckoning, that they are billions
of light-years apart. Many astrono-
mers—i{ncluding Christopher L. Carilli
of Harvard University, who with two
colleagues found the most recent
such assoctation—dismiss these asso-
clatdons as chance line-of-sight pair-
ings. A few workers, among them Jack
W. Sulentic of the University of Ala-
bama at Tuscaloosa, maintain that
they reveal either anomalles unex-
plained by the big-bang theory or else
the exdstence of some kind of non-
Dopplerian redshift.

Naturally, Wolf favors the latter in-
terpretation. Matter surrounding qua-
sars 1s probably anisotropic (not the

SCIENTIFIC AMERICAN January 1990

same in all directions) because of tur-
bulence or the powerful jets of matter
that quasars often emit. Such anisot-
ropy could produce the sort of corre-
ladon mechanism that Wolf has stud-
fed, generating redshifts that have
hitherto been attributed to the qua-
sars’ great distance from the earth If
confirmed, this finding could solve an-
other quasar mystery: some quasar
Jets appear to be expanding faster
than the speed of light. If quasars were
significantly less distant than general-
ly believed, the jets would be much
smaller and their rate of expansion
within the cosmic speed limjt.

Wolf is searching for more down-to-
earth applications, such as methods
for correcting satellite-tracking sig-
nals and for improving reference stan-
dards. He also reports interest from
the Department of Defense, which is
intrigued by the possibility that artifi-
dally induced spectral modulaton
could provide the ultmate in coded
communications. —Corey S Powell
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Invariance of the Spectrum of Light on Propagation

Emil Woif*
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(Received 27 January 1986)

The question is raised as to whether the normalized spectrum of light remains unchanged on
propagation through free space. It is shown that for sources of a certain class that includes the usu-
al thermal sources, the normalized spectrum will, in general, depend on the location of the observa-
tion point unless the degree of spectral coherence of the light across the source obeys a certain scal-
ing law. Possible implications of the analysis for astrophysics are mentioned.

PACS numbers 42.10.Mg. 07.65.—b, 42.68 Hf

Measurements of the spectrum of light are generally
made some distance away from its sources and in
many cases, as for example in astronomy, they are
made exceedingly far away. It is taken for granted that
the normalized spectral distribution of the light in-
cident on a detector after propagation from the source
through free space is the same as that of the light in
the source region. | will refer to this assumption as
the assumption of invariance of the spectrum on prop-
aganon. This assumption, which is implicit in all of
spectroscopy. does not appear to have been previously
questioned, probably because with light from tradition-
al sources one has never encountered any problems
with it. However, with the gradual development of
rather unconventiona!l light sources and with the rela-
tively frequent discoveries of stellar objects of an un-
familiar kind. it is obviously desirable to understand
whether all such sources generate light whose spec-
trum is invariant on propagation, and if so, what the
reasons for it are. Actually it is not difficult 1o con-
ceive of sources that generate light whose spectrum is
not invariant on propagation. In this note I will show
what are the characteristics of a certain class of sources
that generate light whose spectrum is invariant, at least
in the far zone.

From the standpoint of optical coherence theory, in-
variance of the spectrum of light on propagation from
conventional sources is a rather remarkable fact, as can
be seen from the following simple argument. Consid-
er an optical field generated by a stationary source in
free space. The basic field variable, say the electric
field strength at the space-time point (r,r), may be
represented by its complex analytic signal':? E(r,1).
According to the Wiener-Khintchine theorem® the
spectral density of the light at the point r is then
represented by the Fourier transform,

Strw)=f T(r.1)e* dr, (m

of the autocorrelation function (known in the optical
context as the self-coherence function) of the field
variable. It is defined as

T(r.e)=(E*(e.0)E(r,1 +1)), (2)

where the angular brackets denote the ensemble aver-
age. Now the spectral density and the self-coherence
function are the *‘diagonal elements™ (ry=r,=r) of
two basic optical correlation functions, viz., the cross-
spectral density

W(n.fz.(l))-f:.r(l'l.l'z.f)e'.'d?, 3)
and the mutual coherence function
r(l'|.l’2,7)-(E.(f].’)E(fz,l‘.‘T)). 4)

It is well known that both the mutual coherence func-
tion and the cross-spectral density obey precise prop-
agation laws. For example, in free space*

(V24kDW(r,ne)=0 (=12), (5)
where
k=w/c, 6)

with ¢ being the speed of light in vacuo and V} being
the Laplacian operator acting with respect to the vari-
able r;. Consequently, both the mutual coherence
function and the cross-spectral density and, in fact,
also their normalized values change appreciably on
propagation. For example, for a spatially incoherent
planar source W(r,, r,w) and F(r,1;,7) will be
essentially & correlated with respect to r, and r; at the
source plane but will have nonzero values for widely
separated pairs of points which are sufTiciently far away
from the source. This is the essence of the well
known van Cittert-Zernike theorem (Ref. 1, Sect.
10.4.2). In physical terms, the correlation in the field
generated by a spatially incoherent source may be
shown to have its origin in the process of superposi-
tion. We thus have the following rather strange situa-
tion: The correlations of the light may change drasti-
cally on propagation; yet, under commonly occurring
circumstances, their (suitably normalized) diagonal
elements, which represent the spectrum of the light or
its Fourier transform, remain unchanged.

To obtain some insight into this problem we con-
sider light generated by a very simple model source;
namely, 8 planar source occupying a finite domain D of
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a plane z =0 and radiating into the half space z > 0,
which has the same spectral distribution S$‘©'(w) at
each source point P(p) and whose degree of spectral
coherence’ u'®(p,.p2 w) is statistically homogene-
ous, i.e., has the functional form u'”(p,—p,. w).
The cross-spectral density of the light across the
source plane is then given by

W'O)(Phpz-“‘)
=e(p)elp)) S ()u'®(p1—-pi.w). (7)

where e(p) =1 or 0 according to whether the point
P(p) is located within or outside the source area D in
the plane z = 0.

We will also assume that at each effective frequency
w present in the source spectrum, the linear dimen-
sions of the source are much larger than the spectral
correlation length [the effective width & of |u'(p’,
w)!). Sources of this kind belong to the class of so-
called quasihomogeneous sources,® which have been ex-
tensively studied in coherence theory in recent years.
Most of the usual thermal sources are of this kind.

The radiant intensity J_(u), i.e., the rate at which
energy is radiated at frequency w per unit solid angle
around a direction specified by a unit vector u, is given
by the expression [cf. Ref. 6, Eq. (4.8)]

J (0) = k2459 (w)3'” (ku,, w)cos?. (8)

In this formula, A4 is the area of the source,

1 , —ifn’ 42

(2”)2}'“‘0’(,, w8 alp (9)
is the two-dimensional spatial Fourier transform of the
degree of spectral coherence, u, is the transverse part
of the unit vector u, i.e., the component of u (con-
sidered as a two-dimensional vector) perpendicular to
the 2 axis, and @ is the angle between the u and the =
directions (see Fig. 1). Evidently the normalized spec-
tral density S*’(u, w) at a point in the far zone, in
the direction specified by the unit vector u, is given by

§)(u,0) =J ) [I (W) do. (10)

B, w)=

planar
source o

FI1G. 1. lllustration of the notation.

On substituting Eq. (8) into Eq. (10) we obtain for the
normalized spectrum in the far zone the expression

kiSNw)a'"(ku,. w)
[k (w)a' " (ku,, w)dw’

It is clear from Eq. (11) that the normalized spec-
trum of the light depends on the direction u; i.e., it is
in general not invariant throughout the far zone.
However, it is seen at once from Eq. (11) that it will
be invariant throughout the far zone if the Fourier
transform of the degree of spectral coherence of the
light in the source plane is the product of a function of
frequency and a function of direction, i.e., it is of the
form

2'%ku,, w)=F(w)H(u,). 12
In this case Eq. (11) reduces 10

K35 (w) F(w)
J1359(w)F(w)d

S (uw)= (1)

S (v w)= (13)

and the expression on the right is independent of the
direction u.

I will now show that the condition (12) has some in-
teresting implications, which follow from the fact that
u'® is a correlation coefficient. Before doing this we
note that since u is a unit vector, {u,| < 1. However,
we will now assume that the factorization condition
(12) holds for all two-dimensional vectors u, (0
< |u, | < o). This assumption will be trivially satis-
fied if the degree of spectral coherence u'®(p'. w) is,
at each effective temporal frequency w, band limited
in the spatial frequency plane to a circle of radius
about the origin: in more physical terms this condition
means that u‘°’(p’.w) does not vary appreciably over
distances of the order of the wavelength A =27¢/w.
With this being understood let us take the Fourier
transform of Eq. (12). We then find at once that

p " w)
~ F(w) [ H(u)expliku, - p') d¥(ku,).  (14)

ie.,
p@(p . w)=kiF(w)H (kp'), (15)

where H is, of course, the two-dimensional Fourier
transform of H. Since u'”(p’,w) is a correlation co-
efficient it has the value unity when p'=0, i.e,

1'9(0,w) =1, for all w, (16)
and hence Eq. (15) implies that
k*F(w)=[H(0)]". an

Since the left-hand side of Eq. (17) depends on the
frequency but the right-hand side is independent of it,
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each side must be a constant (o say) and consequently
Flw)=alk (18)

Two important conclusions follow at once from
these results. I we substitute Eq. (18) into Eq. (13)
we obtain the following expression for the normalized
spectrum of light in the far zone:

$'(w)
[59 W)

This formula shows that not only is the normalized
spectrum of the light now the same throughout the far
zone, but it is also equal 1o the normalized spectrum of
the light at each source point.

Next we substitute Eq. (18) into Eq. (15) and set
aMH =h, p'=py—p,. We then obtain for u'® the ex-
pression

S (v ow)=S"(w)= 19

u‘°’(pz-m-w)-hlk(pz—m)l

(k =w/c). (20)
i.e., the complex degree of spectral coherence is a
function of the variable ¢ =k (p;— p,) only. We will
refer 10 Eq. (20) as the scaling law. Obviously for a
source that satisfies this law, the knowledge of the de-
gree of spectral coherence of the light in the source
plane at any particular frequency w specifies it for all
frequencies.

The scaling law (20), which ensures that for sources
of the class that we are considering the normalized
spectrum of the light is the same throughout the far
zone and is equal to the normalized spectrum of the
light at each source point [Eq. (19)], is the main result
of this note.

It is natural to inquire whether sources are known
that obey this scaling law. The answer is affirmative.
Many of the commonly occurring sources, including
blackbody sources, obey Lambert’s radiation law [Ref.
1. Sect. 4.8.1]). It is known’ that all quasi-homo-
geneous Lambertian sources have the same degree of
spectral coherence, viz.

1'% (py—pr.w)=sin(klp,—p\|)/k lp2=pil. (21)

which is seen to satisfy the scaling law (20). Accord-
ing to the preceding analysis such sources will generate
light whose normalized spectrum is the same
throughout the far zone and is equal to the normalized
spectrum at each source point. This fact is undoubted-
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ly largely responsible for the commonly held, but
nevertheless incorrect, belief that spectral invariance is
a general property of light.

This Letter has dealt with what is probably the sim-
plest problem regarding spectral invariance on prop-
agation. It would seem that some significant questions
in this area might be profitably studied. Among them
are the elucidation of the physical origin of the scaling
law, spectral properties of light from a broader class of
sources than considered here, the relation between the
scaling law and Mandel's results regarding cross-
spectrally pure light,*® and relativistic effects. Appli-
cations of the results to problems of astrophysics
might be of particular interest; at this stage one might
only speculate whether source correlations may
perhaps not give rise to differences between the spec-
trum of the emitted light and the spectrum of the
detected light that originates in some steliar sources.

It is a pleasure to acknowledge stimulating discus-
sions with Professor Leonard Mande! about the subject
matter of this note. This research was supported by
the National Science Foundation and by the Air Force
Geophysics Laboratory under Air Force Office of
Scientific Research Task No. 2310G1.
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Non-cosmological redshifts
of spectral lines

Emil Wolf

Department of Physics and Astronomy, and Institute of Optics,
University of Rochester, Rochester, New York 14627, USA

We showed in a recent report’ (see also refs 2—4) that the sormal-
ized spectrum of light will, ip general, change on propsgation in
free space. We also showed that the normalized spectrum of light
emitted by a source of a well-defined class will, however, be the
same throughout the far zone if the degree of spectral coherence
of the source satisfies a certain scaling law. The usus! thermal
sources appear to be of this kind. These theoretical predictions
were subsequently verified by experiments®, Here, we demonstrate
that under certain circumstances the modification of the normal-
ized spectrum of the emitted light caused by the correlations
between the source fluctuations within the source region can pro-
duce redshifts of spectral lines in the emitted light. Our results
suggest a possible explanation of various puzzling features of the
spectra of some stellar objects, particularly quasars.

To explain why source correlations influence the spectrum of
the emitted light consider a very simple example. Suppose that
two point sources P, and P, have identical spectra So(w) and
that measurements on the emitted field are made at some point
P. The sources are assumed at rest relative to an observer at P.
Assuming that the source fluctuations can be described by a
stationary ensemble, the field at P may be characterized by an
ensemble { V(P, w)} of frequency-dependent realizations®, each
of the form

ikR, ikR;

e e
\ ' = 2
(P, w) O(P"w)_R, +Q(P.,w)-———R2 (1)

where {Q(P,, )}, (j=1,2), characterize the strengths of the
two fluctuating point sources, R, and R, are the distances from
P, to P and from P, to P respectively (see Fig. 1) and k=w/c,
¢ being the speed of light in vacuo. For simplicity polarization
effects are ignored and hence V and Q are taken to be scalars.
The spectrum of the light at P is then given by

Sy (P, w)=(V*(P,w)V(P, w)) (2)

where the asterisk denotes the complex conjugate and the
angular brackets denote the ensemble average. On substituting
from equation (1) into equation (2) and using the fact that

(Q*(P,, w)Q(P,, ))=(Q*(P, @) Q(Py, w)) = Sp(w) (3)
the following expression is obtained for the spectrum of the
emitted light at P:

1 1
Sv(Pw)= (—;*“3)50“")
R;

R;
WR-R,)
+[“’O(P,, Pz,w)~—R,—R2——+ c.c,] (4)
Here
Wo(P, P, w)=(Q*(P,, @)}Q(Py, @] (5)

is the so-called cross-spectral density of the source fluctuations
and c.c. denotes the complex conjugate.

The formula (4) shows that the spectrum Sy (P, w) is, in
general, not just proportional to So(w) but is modified by the
correlation, characterized by Wy (P,, Py, w), between the fluctu-
ations of the two source strengths Q( P, w) and Q(P,, ). Only
in some very special cases, for example, when the source fluctu-
ations are uncorrelated [ Wo( Py, Py, w)=0] will §,.(P, w) be
proportional 10 So(w). Hence, in general, the spectrum of the
light generated by two point sources depends not only on their
spectra but also on the correlation between the fluctuations of

their strengths.

A generalization of the elementary formula (4) for radiation
from three-dimensional steady-state (that is, statistically station-
ary) sources of any state of coherence is known’. Of special
interest in the present context is the form that the formula takes
when the source has the same normalized spectrum sy(w),
(I: so(w) dw = 1) at each point in the source region and has a
degree of spectral coherence® (appropriately normalized cross-
spectral density) uofr,, r,, @) that depends on the position vec-
tors r, and r, of any source points P, and P, only through their
difference r,—r,. If, in addition, for each frequency that sig-
nificantly contributes to the source spectrum, the spectral corre-
lation length [the eflective spatial width |Ar| of |u(r', w}'] is
small compared to the linear dimensions of the source, the
normalized spectrum s{"’(u, ) of the emitted light in the far
zone, in a direction specified by a unit vector &, becomes (see
equation (3.11) of ref. 8)

() = So(w)[zo(k“.w)
) = @ Egtku, w) du

(6)

where gio(K, w) is the three-dimensional spatial Fourier trans-
form of the degree of spectral coherence uo(r,w)=
Holra—rn, w).

Let us now choose as the normalized source spectrum sq(w !
a spectral line with a gaussian profile

l - 3
so(w)=-8——\/2_ﬂexp [~(w—we) /28] (6« wy) (7)

and suppose that at ecach effective frequency w, the source
correlation decreases with the separation |r'{ = [r, —r,| of any two
source points in a gaussian manner, that is

polr,w)=exp[-r?/20%(w)] (8)

On 1aking the Fourier transform of equation (8) and substituting
the resulting expression into equation (6) we obtain the follow-
ing expression for the normalized spectrum of the emitted light
in the far zone (see equation (3.21) of ref. 8)

solw)od (w) exp {-i[ ko, ()T}
fo solw)o(w) exp {—3lko, (0)])} dw

() (oc)

Here, sV '(w) is written in place of sV '(u, w), because the
spectrum of the far field is now independent of u, as a con-
sequence of the assumed isotropy of uq (see equation (8)).

The formula (9) shows that the spectrum of the emitted light
in the far zone depends both on the spectrum of the source
fluctuations and on the manner in which the effective source
correlation length o, (w) depends on the frequency w.

Let us consider two particular cases. (1) Suppose first that
o,.{(w) is independent of w. Letting { denote the (now constant)
value of o, and with so(w) given by equation (7), one can
readily evaluate the integral in the denominator on the right of
equation (9) and one then finds that

sV w) =

9

o a W 2/ -
s$ ’(w)~6mexp[—(w—;—g) / 2(8/e)’ (104
where
6 2
az=1+(-A-) (11a)
and
1 ¢ (11b)
A ¢

When the source is effectively spatially incoherent, { + 0. Then
according to equation (11) A-+cc and a1 and it follows from
equations (10) and (7) that in this case

s (w) = solw) (12)

Hence, in the limiting case of a completely incoherent source
of the class that is considered here, the normalized spectrum of
the emitted light in the far zone is identical with the normalized

4.2
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Fig. 1 Illustrating the notation relating to derivation of the
formula (4).

spectrum of the source fluctuations.

However, when the source fluctuations are correlated over an
effective distance { >0, equation (10) shows that the spectrum
5\ '(w), although it is also a line with a gaussian profile, is
centred at a lower frequency wg*= wo/ @’ < wo. Hence the source
correlations give rise to a spectral line s~ '(w) that is redshifted
with respect to the spectral line produced by the completely
spatialiy incoherent source with the source spectrum so{w). The
shifted line is narrower, having root-mean-square width §'=
6/a <6 and has a-times greater height. Examples of spectra
of light in the far zone, produced by several sources which emit
the same spectral line but which have diflerent correiation
lengths are shown in Fig. 2. From the formula (10) one can
readily deduce that the relative shift of the line, namely,

smioAo__wo—wh

(13)

Ao wy

(An=2mc/wy, Ag=2wc/wy) is given by

&\ [8\ .
=(3) =)

which shows that in this case the redshift increases quadratically
with the spectral source-correlation length {. (2) Next consider
the situation when o, (w) = a/w where a is a positive constant.
The expression (9) for the normalized spectrum of the emitted
light in the far zone now reduces to

solw)/w?
§o [solw)/w?®] dw

Note that this expression is independent of the value of the
constant a.

When so(w) is a line with a gaussian profile, given by equation
(7), the spectrum sU"(w), given by equation (15) is no longer
strictly gaussian but it can be closely approximated by a gaussian
and can be shown to be redshifted with respect to sq(w) by the

relative amount
8 2
2~ 3(—) . (16)

wp

sV (w) =

(15)

An example of this situation is illustrated in Fig. 3.

This case [0, (w) = a/w] is of special interest because, accord-
ing to equation (8), the degree of spectral coherence is now
given by

mol(r, w)=exp[~(kr')?/2(a/c)?], (17)
that is, it has the functional form
polr,w)=flkr) (k=w/c=2n/1) (18)

Thus the degree of spectral coherence of the source distribution
now satisfies the three-dimensional analogue of 8 requirement
(called the scaling law) derived in ref. 1, as a sufficient condition

[
1.0+ c.o
{incoherent limi1)
0.0L €06
Y
~ €1}
g 0.6}
3
f,o.ﬂ
[7,]
E+ 1.5
0.2} (-ZM
ol

3.25 u_)c 375 4.0 4.25
w (10"
Fig.2 Spectra s{"'(w) of the far field from sources with spectrum
so(w) = (8vV27) ™ exp [—(w =~ wo)?/28%] and degree of spectral
coherence uo(r, w)=exp(—r?/2{?), with w,=3.887x10" "'
(Ag=4861 A) and =9.57x10"5"", for several selected values
of the effective source-correlation length {. The solid curve ({ = 0)
also represents the source spectrum sglw).

for the spectrum of the light emitted by a planar secondary
source of a well-defined class to have certain invariance
properties on propagation. It will be shown in another publica-
tion (J. T. Foley and E. Wolf, in preparation) that for three-
dimensional primary sources of an analogous class, whose
degree of coherence satisfies this law, the spectrum of the emitted
light has similar invariance properties. We conjecture that the
usual thermal sources obey such a scaling law.

Now briefly consider the question of a physical mechanism
for producing source correlations. Such correlations must clearly
be manifestations of some cooperative phenomena. At the
atomic level possible candidates may perhaps be superradiance
and superfluorescence®. An effect of this kind was first predicted
by Dicke in 1954 when he showed'® that under cenain circum-
stances energy from excited atoms may be released cooperatively
in a much shorter time than the natural lifetime of the excited
states of the atoms and with much larger emission intensity than
would be obtained were the atoms radiating independently.
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Fig. 3 The spectrum s (w) of the far field from a source with

source spectrum  solw) = (8V2m)™" exp [~ (w - w,)?/25°]) and

degree of spectral coherence pg(r,w)=exp{-(kr')'/2(a/c))

(a=an arbitrary constant), with wo=3887x10%s™" (A=

4861 A) and §=9.57x10"s"". The source spectrum sglw) is

shown for comparison. Note that uqo(r', @) now obeys the scaling
isw.




However not enough is known at present about the coherence
properties of large three-dimensional systems of this kind to
make it possible to determine whether superradiance and super-
fluorescence might involve correlations that zould give rise to
spectral line shifts.

There is, however, quite a different mechanism, which can be
described at the macroscopic level, and which can imitate effects
of source correlations; namely efiects of cotrelations between
the refractive index at pairs of points in a spatially random but
statistically homogeneous, time-invariant medium. If a wave
illuminates such a medium, say a dilute gas, then, as is well
known, the medium acts as a secondary source, namely as a set
of oscillating charges set in motion by the incident wave. The
secondary waves produced by the oscillating charges then com-
bine with eacr - and with the incident wave and generate
the scattered if the gas is not too dilute the collective
response of thc microscopic charges to the incident field can be
described by macroscopic parameters such as the dielectric
susceptibility or the refractive index. Now within the accuracy
of the first Born approximation the basic equation for scattering
is of the same form as the basic equation for radiation from
primary sources, the ‘equivalent source’ for scattering being the
product of the scattering potential (which is a simple function
of the refractive index) and of the incident wave. This correspon-
dence clearly implies that our results regarding the effects of
source correlations on the spectrum of the emitted light must
have analogues regarding the effects of a spatially random
medium with correlated refractive index distribution on the
spectrum of the light that is scattered by it. This topic will be
discussed elsewhere.

Let us now consider some implications of this analysis. Using
equation (14), the spectral line in Fig. 2, produced by the source
whose correlation length { = Ay is readily found to have a redshift
given by z = 0.0241 with respect to the source spectrum. It is of
interest to note that if an observer detected such a redshift
unaware of its true origin and interpreted it on the basis of the
Doppler shift formula v/c=A8A/A,=2 he would incorrectly
conclude that the source was receeding from him with a speed
v=0.0241¢=7,230kms™'.
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It seems worthwhile to note that there is a maximum line shift
that can be produced by source correlations. This can be seen
from the basic formula (6) which indicates that sV '(u, w)=0
when sq(w) =0, implying that the spectrum of the far field can
only contain those frequencies that are aiready present in the
source spectrum. Consequently the maximum attainable
frequency shift of the line cannot exceed its effective frequency
range. However, any frequency contribution from the source
spectrum to the normalized spectrum of the far field can be
greatly magnified or greatly reduced, as is evident from equation
(6) and from Fig. 2.

We have mainly considered eflects of source correlations
under circumstances when the source spectrum consists of a
single line and when the degree of spectral coherence ug that
characterizes the source correlations depends on a single para-
meter. Preliminary calculations show that with a suitably chosen
#o Which depends on a larger number of parameters, redshifts
of several lines may be produced, al! of which will have approxi-
mately the same z-values.

In this article we have considered redshifts of spectral lines.
However, it is not difficult to specify source correlations which
will produce blueshifts. Examples of this kind are given in a
forthcoming publication''.

It seems plausible that the mechanism discussed in this article
may be responsible for some of the so far unexplained features
of quasar spectra, including line asymmetries and small differ-
ences in the observed redshifts of different lines. In this connec-
tion it is of interest to recall that the role of coherence in the
emission of radiation from quasars was stressed by Hoyle,
Burbidge and Sargent in a well-known article'”.

I thank Mr A. Gamliel and Mr K. Kim for carmrying out
computations relating to the analysis presented in this article.
The fact that scattering can also produce shifts of spectral lines
was noted independently by Professor Franco Gon, who in-
formed me of this result when commenting on an early version
of the manuscript of this article. This investigation was
supported by the NSF and by the US Air Force Geophysica!
Laboratory.
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Red Shifts and Blue Shifts of Spectral Lines Emitted by Two Correlated Sources

Emil Wolf®

Departmen: of Physics and Astronomy, University of Rochester, Rochester, New York 14627
(Received 24 February 1987)

It has recently been shown theoretically that correlations between fluctuations of the source distribu-
tion at different source points can produce red shifts or blue shifts of emitted spectral lines. To facilitate
experimental demonstration of this effect a simple example is analyzed. It involves only two small ap-
propriately correlated sources and brings out the essential physical features of this new phenomenon.

PACS numbers: 42.68.Hf, 07.65.—b, 42.10.Mg

1 showed not long ago that the spectrum of light pro- The main features of this theoretical prediction have
duced by a fluctuating source depends not only on the been confirmed by Bocko, Douglass, and Knox, using

source spectrum but also on the correlation that may ex- acoustical rather than optical sources. An account of
ist between the source fluctuations at different points their experiments is given in the accompanying Letter.®
within the domain occupied by the source.! This result Let us consider two small fluctuating sources located

was recently confirmed experimentally.? I also showed at points P, and P;. I assume that the fluctuations are
that under certain circumstances source correlations may  statistically stationary. Let {Q(P, @)} and {Q(P; w)}
produce red shifts or blue shifts of spectral lines in the be the ensembles that represent the source fluctuations®

emitted radiation.>* This prediction has obviously im-  at frequency @. Furthermore, let {U(P,w)} be the en-

portant implications, particularly for astronomy, and it is semble that represents the field at point P generated by

therefore desirable to verify it also by experiment. the two sources (Fig. 1). Each realization U(P,w) may
In this Letter I analyze theoretically one of the sim- then be expressed in the form’

plest systems that will generate spectral shifts by this R, iR,

mechanism; namely, two small correlated sources, with UP.0)=Q(P,,0) e +0(Pr0) 4 ()

identical spectra consisting of a single line of Gaussian R, Ry’

profile. I show that with an appropriate choice of the

correlation, the spectrum of the emitied radiation will where R, and R; arc the distances from P, to P and
also consist of a single line with a Gaussian profile; licw- from P, to P, respectively, and k = w/c, c being the speed
ever, this emitted line will be red shifted or blue shifted ~ ©f hignt in free space. The spectrum of the field at the
with respect to the spectral line that would be produced point P is given by

if the sources were un.corrclaled. the nature of the shift Su(P.w) =(U*(P.w)U(P.w)), (2)
depending on the choice of one of the parameters that
specifies the exact form of the correlation coefficient. where the angular brackets denote ensemble average.

] On substitution from Eq. (1) into Eq. (2), we find that

Su(Pw)=(1/RE+1/R})Sg(w)+[Wo(P,Prw)e™ KRR Ry+ce) 3)
Here

So(w)=(0* (P, w)Q(P),w))=(0* (P2,0)Q(P3,0)) 4)
is the spectrum (assumed to be the same) of each of the two source distributions,

Wo(P,.P1w) =(Q* (P, w)Q(P)w)) (5)

is the cross-spectral density of the source fluctuations [first paper of Ref. 6, Eqs. (3.3) and (5.9)], and c.c. denotes the

complex conjugate.
The degree of spectral coherence at frequency w, which is a measure of correlation that may exist between the two

fluctuating sources, is given by the formula®
ﬂQ(Pth.w)-Wg(Pl.Pz,(D)/SQ(w). (6)

The normalization in Eq. (6) ensures that 0< |ug(P\,P2.0)| < 1. The extreme value [ug| =1 characterizes com-
plete correlation (complete spaticl coherence) at frequency w. The other extreme value, u =0, characterizes complete
absence of correlations (complete spatial incoherence).

On substituting for Wp from Eq. (6) into Eq. (3), we find that

Su(P.w) =Sg(w)1/RE+1/RI+ [ug(wle™ ™" F YR \Ry+c.c 1), )

2646 © 1987 The American Physical Society
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FI1G. 1. Geometry and notation relating to the determina-
tion of the spectrum Sy(P,w) of the field at P produced by two
small sources with identical spectra Sp{w) located at Py and
P,

where | have omitted the arguments P, and P; in u. For
the sake of simplicity, let us choose the field point P to
lie on the perpendicular bisector of the line joining P,
and P,. Then R;=R; (=R, say) and formula (7)
reduces to

5u(P,w) = (2/R)Sg(w)1 +Repg(w)], @)

where Re denotes the real part.

We note in passing that when either ug(w)=0 (mutu-

ally completely uncorrelated sources) or when ug(w)=1
(mutually completely correlated sources), the spectrum
Su(P,w) of the field at the point P will be proportional
to the spectrum Sg(w) of the source fluctuations. How-
ever, in general this will not be the case. In fact, it is
clear from formula (8) that the field spectrum may differ
drastically from the source spectrum, the difference de-
pending on the behavior of the correlation coefficient
ug{w) as a function of frequency.

Suppose now that the spectrum of each of the two
sources consists of a single line of the same Gaussian
profile,

Solw)mAe ™o =R ©)

where A, wo, and 8y (K wy) are positive constants. Sup-
pose further that the correlation between the two sources
is characterized by the degree of spectral coherence

uq(w)-ae_('-")’m?—l. (10)
where a, w, and & (< ;) are also positive constants. In
order that expression (10) is a degree of spectral coher-
ence, I must also demand that a < 2. On substituting
from Eqs. (9) and (10) into Eq. (8), I obtain the follow-
ing expression for the spectrum of the field at the point
P:

Sulp.@)= 2L o~ (om ik eme )

{o)

(®) (c)

o o o
L » [ ]
v v v

(RY28)S,(P,w)

ol
n
L]

(173 Il 1

4.32199 4.32200 4.3220! 4.32202
(units: 10" sec™")

FIG. 2. Red shifts and blue shifts of spectral lines as pre-
dicted by formula (12). The spectrum Sg(w) of each of the
two source distributions is a line with a Gaussian profile given
by Eq. (9) with 4=1, @0=4.32201%10'* sec™' (Hg line
A=4358.33 A), &=5x10" sec™!. (a) The field spectrum
Sy(P,w) at P when the two sources are uncorrelated (up=0).
(b).(c) The ficld spectra at P when the two sources are corre-
lated in accordance with Eq. (10), with a=1.8, &, ~7.5x10°
sec™', and (b) @y =awo—28 (red-shifted line), (c) o =awy
+ 25p (blue-shifted line).

By straightforward caiculation one can show that this
expression may be rewritten in the form

Sy(P.w)=A'e @& (12)
where

A'=(24a/R?) e~ "W R (3)

o= (5fwo+ 8w, )/ (88 + 57), (14)
and

1/85 =1/88+1/6%. a1s)

On the other hand, were the two sources uncorrelated,
the correlation coefficient up would have zero value and
we would then have, according to Eqs. (8) and (9),

(Su(P. @) ) spcory = (24/R ) e @~ ™V& (16)

Comparison of Eq. (12) with Eq. (16) shows that al-
though both the spectral lines have Gaussian profiles,
they differ from each other. Since according to Eq. (1 5)
8 < 8, the spectral line from the correlated sources is
narrower than the spectral line from the uncorrelated
sources. Further, we can readily deduce from Eq. (14)
that

@S v
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according as
@) s%

Hence if @) < ey the spectral line (12) produced by the
correlated sources is centered on a lower frequency than
the spectral line (16) from two uncorrelated sources, i.c.,
it is red shifted with respect to it; and if w;> wp the
spectral line (12) is blue shifted with respect to the spec-
tral line (16). Figure 2 illustrates these results by simple
examples.

The preceding considerations show clearly the possibil-
ity of generating, by means of correlations between
source fluctuations, either red shifts or blue shifts of lines
in the spectrum of radiation emitted by sources that are
stationary with respect to an observer.

I am obliged to Mr. A. Gamliel for carrying out the
computations relating to Fig. 2. This research was sup-
ported by the U.S. National Science Foundation and by
the U.S. Air Force Geophysics Laboratory under Air
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It has recently been demonstrated both theoreuically and experimentaliy that the specirum of hght emnied by a source can be
modified by changing the correlation properties of the source We examine the possitifiny of using this mechanism to modulate
spectran a desired manner. A simple configuration is considered. consisting of two small sources. emitting idenuical spectra! hines
and we show 1hat by suitabiy correlauing the sources one can control the width. the amplitude and the frequency of the emitied
light The possibiiity of generating seseral lines from a single one 15 also considered.

1. Introduction

11 has been shown theoretically not long ago |1)
that the spectrum of light emitted by a source de-
pends not only on the source spectrum but also on
the correlation properties of the source. This pre-
diction has been verified by experimems [2a]). The
spectral changes that may arise from source corre-
lations may be such as to produce frequency shifis of
spectral lines [ 3-5] either towards lower frequencies
(red shifts) or towards higher frequencies (blue
shifis). Such shifts have recently been demonstrated
by experiments with optical [2b) and also with
acoustical [6] sources.

In the present note we show that source-correla-
tions can give rise (o other interesting modifications
of spectra. We consider only a simple arrangement,
consisting of two small sources which generate ra-
diation of identical spectra, and we analyze the ef-
fects of correlation between the two sources on the
spectrum of the emitted radiation. We show that

* Research supponed by the Nanvona! Science Foundation and
by the U.S Army Research Office
' Also a1 the Institute of Opucs. University of Rochester.

spectral lines can be frequency shified. made nar-
rower or broader and that several lines may be gen-
erated from a single line by this mechanism. These
results suggest that it might be possible to develop 2
new technique for modulating spectra in a desired
manner by control of source correlations.

2. Formulation of the problem

Consider light generated by two small fluctuating
sources located at poimis P, and P,. We assume that
the fluctuations are statistically stationan. Let {Q(P,.
w)) and {Q(P,, @)} be the ensembies that represent
the source fluctuations at frequency w. Further let
{U(P, w)} be the ensemble that represents the field
at P, gencrated by the two sources (fig. 1). We as-
sume that the specira of the two source-distributions
are identical and we denote them by Sp(w). More
specifically

So(w)=(Q*(P,,w) (P, w))
=(Q* (P w) QP w)),

where the angular brackets denote ensemble average.

0 030-4018/88/303.50 € Eisevier Science Publishers B.V. 91
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Fig 1. Hiustrauing the configuration and notation

It has been shown in ref. [ 5] that the spectrum of
the field a1 a point P is given by

SH{P, w)=Sy(w)

a1 exp[ik(R;-R;)]}
"{Ri*ks“"[“"“"’ R, ]

(2.1)

Here R, and R; denote the distances between P, and
P and P, and P respectively: # denotes the real pan
and gy (w), known as the degree of spectral coher-
ence. characterizes the correlation between the two
fluctuating sources. Explicitly.

Ho(w)=[(Q* (P, w) Q*(P:,w)))/Sp(w). (2.2)

The degree of speciral coherence satisfies the
inequality

luo(w) | €1 (2.3)

for all frequencies.

For simplicity we will only consider the spectrum
of the emitted radiation at points located on the per-
pendicular bisector, which we will refer to as the axis,
of the line joining the two sources. In this case
R:;=R (=R say) and eq. (2.1) reduces to

We note that when Ruo(w) is independent of w, the
spectrum of the field at all axial points will be pro-
portional to the source spectrum Sp(w). This in-
cludes the case where the two sources are mutually
incoherent at each frequency [ug(w) = 0). It also in-
cludes the case when @uo(w) = 1; the two sources
are then mutually fully coherent at each frequency.
These are, however, exceptional cases. In general,
Ruo(w) wil be frequency-dependent and eq. (2.4)
shows that the field specirum S, (w) will then be no
longer proportional 10 the source spectrum So(w).
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Hence. in general. not only the source spectrum bu!
also the correlation between the two sources will de-
termine the specirum of the emutied Lighi.

Not long ago it was shown theoretically [3-5] that
in some cases sources-correlations can produce shifts
of spectral lines either towards lower frequencies (red
shifis), or towards higher frequencies (blue shifis).
This prediction has recently been verified experi-
mentally with optical [2b] as well as acoustical [6)
sources. In this note we will show that with suitable
choices of the correlation other ivpes of modulations
of the spectrum of the emitted radiation may be
produced.

3. A realizability condition

It will be convenient 1o set
S (w)=(R*/2) S (P, w). (3.1)

We will refer 1o S, {w) as the reduced field specirum.
For the sake of simplicity we will consider source-
correlations that are characierized by a real degree of
coherence. Then eq. (2.4) becomes

Si(w)=So(w) [1+ug(w)]) . (3.2)

Tt follows a1 once from this formula. that in terms of
S( and SQ.

From the inequality (2.3) and from eq. (3.3) it fol-
Jows that only reduced field spectra §,(w) can be
generated for which

Si(w)€2Sp(w) . (3.4)

Si(w) and Sg(w) are, of course, necessarily non-
pegative,

Conversely, when the inequality (3.4) is satisfied
one finds at once from eq. (3.3) that

-1 €uo(w)&l. (3.5)

Since the inequality (3.5) is the only constraint that
the degree of spectral coherence uo(w) must satisfy,
we see from eq. (3.4) that any reduced field spectrum
S.{w) which does not exceed twice the magnitude of
the source spectrum So(w) can, in principle, be gen-
erated by this mechanism.

We will now consider a few examples.
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4. Change of linewidth

4.]1. Lorenizian line shapes
Let us assume first that the source specirum con-

sists of a spectral hine of lorentzian profile. viz.,

Solw)=A/[(w=w,) +T]) (4.1)

(wi. Ty A, are positive constants and [ & w).
Suppose that we wish 10 produce a reduced field
spectrum that consists also of a line of Jorentzian
profile centered on the same frequency w,. but is of
a different widih and of different strength, say

S (w)=4,/[(w=w,) +T1) (4.2)

(I'\. A, are positive constanis and ', &« w,). On
substituting from eqgs. (4.1) and (4.2} into the in-
equality (3.4) we find that we must have

(AI/AO)L{O(W)]MM (2 ’ (43)

where [fo{w))m,. is the maximum value, in the range
O<w <. of the funcuon

Hlw)=[(w-we) +T§)/ [(w-w,) +T3). (4.4)

Straightforward calculation shows that for all (po-
sitive) frequencies w.

(Fo/F Y €flw)<l, ifl,>T,, (4.52)
V<flw)€(Toil)):, I, <Iy . (4.5b)

Using these inequalities we deduce at once from (4.3)
that we must have

A /A, <2, whenl' \>T, (4.6a)
and
A|/A0<2(r|/ro)zs when r|<ro . (‘6b)

In the first case (I',>TI,) the emitted (reduced)
spectral line is broader than the spectral line of the
source; in the second case (I, <J,) it is narrower.

With the conditions (4.6) assumed to be satisfied,
the degree of spectral coherence that will produce the
reduced field spectrum (4.2) from the source spec-
trum (4.1} is obtained a1 once on substituting from
these equations into the formula (3.3). One then
finds that the required degree of spectral coherence
is given by
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Fig 2 Linc narrowing and line broadening by source correla-
tions The source specirum and 1he reduced field specirum are
hines of lorentz:an profiles [eqs. (4.1} and (42)] with w; =
38710 s . T w6x10 8. T, = 2x10 "' 4.4 =
022 (8). Jom 3%10°s~' T, w 5x10'“s-" A/4 = 2 (b)
The curves are normalized so that the source specirum has the
value unity at the center frequency w,

A (W=wo) 4T}
Molw) = wmwoy #T; ! “n

These results are illustrated in figs. 2.
4.2. Gaussian line shapes

Next let us consider a source spectrum that con-
sists of a line of gaussian profile viz.,
So(w) = Ao exp| - (w -w,)?/263) (4.8)

(wo. 6,. Ao are positive consiants and d & w,). We
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examine the possibility of producing a reduced field
specirum that aiso consists of a hine of gaussian pro-
file. centered at the same frequency v but of dif-
ferent widih and different strength, say

S (w)=A4, exp] - (w-w,)?/287) (4.9)

(6., A, are positive constants and 6, & w..). On sub-
stituting from eqs. (4.8) and (4.9} into the ine-
quality (3.4) we deduce a1 once that the following
condition must be satisfied:

(4,/4,) [8(W))mar €2, (4.10)

where [ g(w)]m,. IS the maximum value. in the range
0<w <ex, of the funcuon

glw)=exp{-(w~w )/29]. (4.11)
with
Va=(1/83)-(1/8}) . (4.12)

Consider first the case when 8, <4, (line narrow-
mg). Then >0 and evidently [g(w)]m=g(we))
= 1. Hence the realizabibty condition (4.10) becomes

AA.€2. (4.13)

On the other hand when &, > 4. 4 becomes negative
and g(w) has then no upper bound in the range
O<w <. Hence a2 broader hine of gaussian profile
centered a1 the same frequency w,. cannot be pro-
duced by 1this mechanism. However. in practice one
is unlhikely 10 be interested in situations where the
spectra So(w) and S, (w) have gaussian forms for
all frequencies. If one requires that the reduced field
spectrum has gaussian shape only over a finite range
around w,,. sa\

w,—aswEsw +8. (4.14)

where a and § are positive constants, the inequality
(4.10) needs only 10 be satisfied when the maximum
of g(w) is taken over the restricted range (4.14). In-
stead of the inequabity (4.10) we then have the
constraint

(A, /A exp(7°7214))€2, (4.15)

where y is the largest of the consiants a, 8.

Let us return 10 the first case (6, <d,). The degree
of spectral coherence needed 10 achieve this modi-
fication of the spectral line is according to eqs. (3.3).
(4.8) and (4.9) given by
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Fig 3 Line narrowing and hine broadening by source correla-
uons The source spectrum and the reduced field specirum are
hnes with gaussian profiles [eqs (4.8) and (4 91] over the fre-
quency range shown in the figures. withw, = 38 " x 10 "¢~ .
6, = 6x10''s "8, = 2x10"$" " 4/4, = 2(a).andé, =
18x10'“s~ " A./4 = 0.5 (b). The normalization 1s the same as

-

in figs 2

-

uolw) = (A,/40) expl—(w=-w,) 724} -1, (4.16)

where 4 is defined by eq. (4.12). In the second case
(8,> 6,) the degree of spectral coherence is given by
eq. (4.16) only for frequencies that are within the
range (4.14); for frequencies outside this range the
degree of spectral coherence can take on arbitran
values, subject to the constraint expressed by eq.
(3.5).

Some computed curves illustrating these results are
shown in fig. 3.
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§. Change of width of a Jorentzian line accompanied
by shift of the center frequency

Next let us consider the possibility of changing not
only the width of the line but also its center fre-
qQuency, from w, 10 w, say. Suppose that the source
spectrum S,(w) is again the single spectral line (4.1)
of lorentzian profile. but thai the reduced field spec-
trum, whilst also a line of lorenizian profile. is cen-
tered at a different frequency w, # w,. i.e. that

S (w)=4,/[(w-w,) +T7]] (5.1)

(w,. I'\. A, are positive constants, I, &« w,). On
substituting from eqs. (4.1) and (S5.1) into eq. (3.4)
we deduce at once that the following inequality must
now be satisfied:

(AVA) ()] mar €2 (5.2)

Here [/(w)]m,. 1s the maximum value in the range
0<w < x of the function

Hw={(w=w, ) +T{ ) [(w=-w,) +T3}. (53)

Unlike in the case considered in sec. 4.1 (when
w,=w,) an explicit expression for the maximum
value of this function cannot readily be obiained.
However it seems that with suitable choices of the
constants that specify the reduced field spectrum
(5.1) the inequalny (5.2) can be satisfied for all non-
negative frequencies w. The degree of spectral co-
herence which gives rise 10 the reduced field spec-
trum (5.1) 1s then obtained on substituting from egs.
(5.1)and (4.}) inoeq. (3.3). The resulting expres-
sion is

A (w—=w) +T;

A (w-w) sl (54)

Holw)=
An example of spectral changes in which both the
Iine widih and the center frequency are modified by
source cerrelations of this type is presented in fig 4.

6. Generatior of several lines from a single line

As a last example we consider the possibility of
generating from s source specirum that consists of a
single hine of lorentzian profile a field specirum that
consists of several lines of lorentzian form. More
specifically, with two sources that have identical
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Fig 4. Frequency shift by source correlauons The source spec-
trum and the field specirum are lines with loremziar profiles
withw, = 3877x10"s" " [ = Sxi0" s ./ = Ix10 s,

AJ4 = ).585x10-°. The normahization 15 the same as in figs
o

specira given by eq. (4.1) we wish 10 generate a field
whose reduced spectrum has the form

Siw)= Yy —3

e(we-w,) +T;° (6.1)

where N, A,. w,. and I, are positive constants and
I'.«w, (1€n<N). For this 10 be possible. the fol-
lowing condition obtained on substituting egs. (6.1)
and (4.1) into eq. (3.4), must be sausfied:

X‘(An,AO) L{;(w)]m-‘gz . (62)

Here 1/, (@)) ms, is 1the maximum value. in the range
0<w <, of the function

fw)=llw-w) +T )/ w=w.) +T;]. (6.3)

Assuming that the constraint (6.2) is satisfied. the
degree of speciral coherence needed for generating
the reduced field specirum (6.1) is obtained at once
on substituting from eqs. (6.1) and (4.1) into eq.
(3.3). One then finds that

f—"—-——(“"w")""ra)-l. (6.4)

”Q(w)=(ngl Ao (W‘wn):+ri

An example of the generation of a field specirum
consisting of three lines from a source specirum con-
sisting of a single line is illustrated in fig S.
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Fig $. Generauon of three specira) hnes from 3 single speciral
hine. all of lorenizian profiles. with w, = 3.877x10'%s-" [ =
§x 10" s~ '. The parameiers that specify the three lines sre

w, = 38769x10 s " T, = 8x10°8~'. A,/4, = 34x10""
w: = 3870x10" s~ T = SX10°¢™ ", A:/4, = 6.1% 1077,
wr= 38T IxI0 s Tom 8X10° 8" A4, = 34X10-"
The normalization 1s the same as in figs. 2.

7. Discussion

We have considered in this note a very simple ra-
diating system consisting of two small sources with
identical specira and we showed that by appropri-
ately correlating the two sources, the spectrum of the
emitied radiation can take on may different forms.
With systems consisting of a larger number of ra-
diating sources one could, of course, produce more
diverse spectral changes than those considered in this
note.

The basic question that we have not addressed is
how 10 produce the prescribed correlations. Several
methods for generating and modifying source cor-
relations, at ieast for secondary sources, have been
developed in recent years. They include the use of
scattering by liquid crystals under the influence of an
external d.c. field [ 7], the use of rotating ground glass
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plates (8] and of holographic filters [9]. interaction
of hght with ulirasonic waves [§0}. imaging and
lensless feedback sysiems {11} and use of achro-
matic Fourier transform lenses {2]. Unforunately
none of these techniques appear to be flexible enough
10 produce the kind of correlations that are needed
10 modulate spectra in the manner that we discussed
in this note. However, the fact that controlied cor-
relations have been produced, a1 Jeast 10 a limited
exient, seems 10 be promising. It might be possible
1o control correlations of sources of electromagnetic
radiation more easily at Jower frequencies. e.g. in the
microwave region. Correlations between acoustical
sources could probably also be controled more easily
[6]. Such techniques, when utilized 10 generaie
spectral modulation, might perhaps find potential
applications in communications sysiems.
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New Method For Spectral Modulation
Avshalom Gamliel
The Institute of Optics
University of Rochester, Rochester NY 14627

A new method for modulating spectra by correlating source fluctuations is discussed. Potential advantages and limitations of
this method are considered for both scalar and electromagnetic sources.

Current methods for modulating spectra may be divided into two main types. The first is active modulation in
which the spectrum is modified by controlling the gain or feedback of the system. The second type is passive modulation
where the source emits a very broad spectrum and the modulation is accomplished by filtering out or atienuating specific

spectral intervals.
In this paper we discuss a new method for spectral modulation that is based on controlling source correlations. We

consider the effects of correlating the fluctuations of two small scalar sources. We review some of the possible spectral
modifications and examine the advantages and limitations of this approach. Next we present an example in which the sources
are two partially-correlated linear dipoles; it demonstrales correlation effects on the spectrum and on the radiation pattern.

Consider two small scalar sources located at points l’l and Pz (see Fig. 1). We assume that the source fluctuations
are characterized by stationary ensembles (Q(Pl.co)] and (Q('Pz.m)) that give rise to field fluctuations represented by an
ensemble {V(P,w)}. We further assume that both sources have identical spectra, i.c. that

5, =(Q'®,QP, ) = (Q'®wQP,v) 1)
where the asterisk denotes complex conjugation and the angular brackets denote ensemble averaging.
R, P
Py
P, R2

Fig. 1. Notation relating to the calculation of the
field spectrum produced by two scalar sources.

In this notation the spectrum of the field at a point P is expressed by a similar formula

Sy(P.0) = (V' P.0)V(P,0) @

and the degree of correlation 1 (w) is given by!

(Cemep @)

Ho(w) = Sq@ &)

It has been shown that under the conditions stated, the spectrum of the ficld at any point P is given byz' 3
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L, ot
Sy(W) =S (W) {5 +-+ (W) Fm—|? , @)
v Q Rf Ri ”{% R1R2

where R denotes the real part and ke is the wavenumber associated with frequency ©.

In order 10 simplify the equations and illustrate their physical implications it is instructive to consider first the
spectrum at observation points located on the axis (a perpendicular bisector to the line adjoining the two sources). At such
points Rzzkl-R and the formula (4) for the field spectrum reduces to

Sy(P.w) = i? So(@)[ 1+ Ruy@) )

Since ~1€ StuQ(m) < 1, it is apparent from Eq. (5) that changes of the source correlations, represented by u.Q(m). give rise
to modulation of the field spectrum Sv((o). subject to the constraint

4
0<S (w)< 2 Sq(). (6)

It follows from this inequality that the field spectrum Sy(w) must vanish at every frequency for which SQ(m) vanishes. In

other words, this mechanism does not produce new frequency components.

Both limits in Eq. (6) occur when the sources are fully correlated. Other choices of source correlations can produce
field spectra that are significanty different from their corresponding source spectra.  To illustrate the effect of source
correlations let SQ(w) consist of a line of Lorentzian shape, centered at frequency 0, and of width 80. ie.,

1+ (-~ ©y) /80

and with degree of correlation )’ Q(u)) given by

A

Ho@) = L o A > 1. (8)
1+ (0-) /'c'»l 1+ (0-0,) lbi

In Eqs. (7) and (8) A A'z are positive constants chosen so that Iu?(m) I<1 throughout the frequency interval of interest.
g 0, 0y, 80, 5. 62 are positive constants of dimension sec™". For the sake of simplicity the dimensions are not
indicated in Figs. 2, 4-6. The resulting field spectrum Sv(w) al points on axis is obtained on substituting from Egs. (7) and

(8) into Eq. (5).
Examples of field spectra computed from these formulas are shown in Fig. 2. We see that while for fully correlated

sources (IuQ(m)I= 1) and uncorrelated sources (|uQ(m)I= 0), the spectrum of the field is proportional 1o the spectrum of each

source, appreciable modifications of the emitted spectrum are achieved with appropriate choice of the degree of correlation.
In general, given a source spectrum SQ(m) and a desired field spectrum Sv((o) the appropriate choice of the degree of

correlation is obtained from Eq. (5) as
R2 SV(O))

uQ(CD) =-2— -S—'Q-(?DT -1, %
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Of course only those field spectra S, (w) can be generated which are consistent with the constraint IuQISI. A limitation of

this method is that there is an upper bound, for each frequency @, for the strength of the emitied field spectrum. This upper
bound is given by the spectrum that is produced when the two sources are fully correlated [cf. Eq. (6)).

4
3
g
>
©w 2
in -
1
o —d il 4 A 2 2
1 2 3 N 6 7
* Frequency (arbitrary units)

Fig. 2. Field spectra on axis for different types of source correlations, calculated
from Eqs (5), (7) and (8). The constants were chosen as follows: 0= 4, 50‘ 0.25,

A=195 0 =35, 818 0.03, Ay=2, ,= 4.5, and 828 0.03.

Returning to Eq. (4) we note that the field spectrum also depends on the direction of observation because of the
presence of Rl and R,. We postpone the discussion of the angular dependence and of complex-valued degree of correlation o

the electromagnetic case that we will now consider.

3, LINEAR DIPOLES

Consider two linear dipoles located at distances Y, from the arigin and oscillating in the z direction as shown in Fig.
3. Let the electric polarization vectors of the dipoles be given by

P (ro)=p()d(r-yNH2,  Pyrw)=p,@)dr+y 2. (10)

Here i and 2 are unit vectors, § is the Dirac delia function and pi(m). (i=1,2) represent the polarization fluctuations as a
function of frequency. If we assume that these fluctuations have the same spectrum, i.e. that

(l P, (@) I2> = <I p,(®@) |2> ESq(@) , (11)

it can be shown that the spectrum of the emitied field in the far zone in the direction specified by a unit vector u is4

R2

Here C is a constant depending on the choice of units and (8,¢) are the spherical polar coordinates of the unit vector u, with
the polar axis taken along the z disection,

SRu,) =L k* 5 (@) sin%0 {1 +9?[HQ(w)cxP(2ikyosin9 sind ]} . a2
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To simplify formula (12) we express the degree of correlation in the form
Hg@ =l py@! 2, (13)

where y(w) is a real valued function’ of ®. It follows that when the two dipoles are fully correlated |uQ(w) | =1 the
spectrum of the field in the far-zone is given by

[SRuw)] =2 ;% k* 5, () sin cos? [kyginsing +w@)] . 4)

Similarly when the dipoles are uncorrelated uQ(w) =0 and the far-field spectrum, obtained from Eq. (12) is

SRuw)]  =Li's @ sine . (15)
uncorr. g

z
}

o’
U4
oo ncane

Fig. 3. Notation relating to the calculation of the far-field
spectrum produced by two linear dipoles Pl and Pz'

For every degree of correlation uQ(w) # 0 the frequency-dependence of the far field spectrum is coupled to the angular variables
through the product kyosinesindt. To illustrate this remark consider observation points in the x, y-plane. The spectrum is

then a function of frequency @ and of the azimuthal angle ¢ only, viz.,

SR, 8=2, ;) = ;Ci K*s @ {1 + Jug(@) cos [2ky,sing + 2\y(co)]} . Q6)

Let us consider some implications of Eq. (16). Suppose the spectrum SQ(m) of each dipole consists of a single

Lorentzian line [Eq.(7)]. We now compare the angular distribution of the far field spectrum when the degree of correlation is
given by Eq. (8) and when the dipoles are fully correlated. Both cases are examined for fixed frequencies and for a fixed value
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of y,. Figures4 and 5 show the angular distributions of the spectra for two selected frequencies. It is 10 be noted that larger
valuaofyogiverisetomultiplebbesinﬂnndhﬁmpm(mﬁg.ﬂ.witmbethtlmcuch systems will

radiate relatively little power.
”©
0 .
1200 o b o
150" 150° ]
LY TN
180° T i
210° e il
240" 00° 240 300°
20 o
Fig. 4. Angular distribution of the far field spectra Fig. 5. Angular distribution of the far field spectra
S(R,0=n/2,4; w) of fully correlated sources (dashed S(R,0=x/2,¢: ) of fully correlated sources (dashed line)
line) and for HQ given by Eq. (8) (solid line). Both and for KQ given by Eq. (8) (solid line). Both curves are
curves are for a fixed frequency w = 4 and koyocl. for a fixed frequency w = 3.515 and koyozl.
90°
120° o 60°

240° ~}-- 300°

Fig. 6 Angular distribution of the far field spectra
S(R,0=x/2,¢; ©) of fully comrelated sources (dashed line)
and and for P given by Eq. (8) (solid line). Both curves

are for a fixed frequency o= 4 and koy0-3.

Another conseguence of Eq. (16) is that when the observation points are located along the x-axis (sin¢=0) the far
zone spectrum of the electromagnetic ficld exhibits the same frequency dependence as we found before for the scalar case [Eq.
(5)). For other directions of observation the far zone spectrum has, in general, a more complicated form due to the presence of
the factor cos[2kyosin¢+2v(m)]. With the same choices of the source spectrum and of the degree of correlation as before, we

show in Figs. 7 and 8 the far field spectrum along the x-and the y axes.
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On compering Fig 7 with the corresponding figure 2 for the scalar case, we note that the curves in Fig. 7 show
' asymmetry pot present in Fig. 2. This difference is due 0 the presence of the factor k¢ in Eq. (16) relating to the
c case

'K ¢

S(

R
C

-
"

Fig. 7 Far zone field spectrum for points located on

the x-axis.
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i\ m(dgivenbyEg.(8) “l P

i g“ Q oo 1 ¢ ! “.‘ . (ad given by Eq. (8)

.....

Frequency o (arbivary units)

Frequency o (abitrary units)
Fig. 8. Far zone field spectrum for points located on
the y-axis.

DISCUSSION

We have shown in this note how spectral modulation can be achieved by controlling correlations between source
fluctuations. Both scalar sources and electromagnetic sources were considered and they illustrate typical spectral features that
may be produced by relatively simple choices of the functional forms of the correlation coefficient The main limitation of
this method is the requirement that all spectral components of the desired spectrum must be present in the source spectrum.

The practical difficulty of inducing the desired correlation in scalar or electromagnetic sources has been overcome in
some special cases 88 At present it seems that more complicated functional forms of the degree of correlation are easier

achieve with microwaves than in the optical region of the elecromagnetic spectrum.,
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We examine the spatial directivity and the temporal spectrum of the field radiated by two partially correlated Jinear
dipoles. The two dipoles are parallel and have identical spectra in their source excitation. Expressions are derived
for the radiated spectrum, for the total emitted power, and for the directivity. We illustrate these results by
cajculating the radiated spectrum for a particular choice of the frequency-dependent correlation function. Results
for the limiting cases of fully correlated dipoles and for uncorrelated dipoles are also derived.

INTRODUCTION

Recent advances in coherence theory include investigations
of the effects of source correlations on the spectrum of the
radiated field.!-? The type of source correlation that gives
rise to line shifts in the observed spectrum was considered in
a number of those studies. Some of the theoretical predic-
tions have since been verified experimentally by several
groups.>" One of the possible applications of the present
theory is a method for modulating field spectra that is based
on the controlling of source correlations. The effect of spec-
tral modulation was illustrated in an earlier publication in
which a simple configuration of two scalar sources was ana-
lyzed for observation points that are located on the axis.*

In the present paper we are interested in spectral effects
that are also associated with the direction of observation. In
our treatment we consider a system of two partially correlat-
ed linear dipoles. First we derive expressions for the ob-
served spectrum at an arbitrary point in the far zone; then
we examine how the degree of correlation affects the spec-
trum of the field observed in particular directions and its
effects on the angular distribution of the radiant intensity
for fixed frequencies. In Sections 3 and 4 expressions are
derived for the total radiated power and the directivity of
the system as a function of the degree of correlation and the
spatial separation between the two dipoles.

Throughout the analysis, we compare our results for the
partially correlated dipoles with the results in the well-
known limiting cases of fully correlated and uncorrelated
dipoles. This comparison gives a valuable measure for the
range of possible spatial and spectral modulation effects
that can be produced by controlling source correlations.

1. FAR-ZONE SPECTRUM OF PARTIALLY
CORRELATED DIPOLES

Consider two linear dipoles situated at points +y, and vi-
brating in the z direction as shown in Fig. 1. Let

P](ru t) = P](t)b(l’ - y“")io
Py(r, t) = p,(t)s(r + yof)2

be the electric polarization vectors of the two dipoles. Here
pi(t) ( = 1, 2) characterize the polarization fluctuations of

{1.1a)
(1.1b)
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the dipoles as a function of time, and § and £ are unit vectors
in the positive y and z directions, respectively. We assume
that p;(t) are random functions of time, characterized by
stationary ensembles.
In the space-frequency representation,® the electric Hertz
potential of the field produced by the dipoles is given by
exp(ikR,) exp(ikR,)
o(r,w)= i[bl(w) R + Polw) —-i?_;] (1.2)
2

1
in which R, = Ir ~ yo§!, ro = Ir + yo3! and

B,(w) =J' pitetdt  (=1,2) (1.3)

In order to calculate the radiant intensity in the far zone, it
is sufficient to evaluate the magnetic field only; this is given
by the expression

B(r, w) = —ik% X 1(r, w). (1.4)

Since I1(r, ») is a vector along the 2 direction, it follows that
d .
v X el "¢ . .
I (r, w) ( £-— 5)ﬂ,(r. w) (1.5)

On substituting Eq. (1.2) into Eq. (1.5), we obtain the formu-
la

exp(ikR,) /. 1\[|O=¥). 1.
Vx(r o = p(w) R, (lk "Tl)[ R] X E 3
exp(ikR;) 7 1\[ W +yo) x
+ o) ——— (- LY 2222 s - 2 5[ (e
? R, ( Rz)[ R, R, ]

For field points r = r in the far zone kR, » 1 (i = 1, 2), we
have
Rl“’")’oﬁ')" Rz~f+)’oa'5'v (17)

in which & is a unit vector for the polar radius r.
Using Eq. (1.6) and expressions (1.7), we may express the
far zone B field in the form
ihr
B(rti, w) ~ —k? "T sin 0[P, (w) exp(—~ikyol - §)
+ po(wlexplikyoli-$)]6  askr — w, (1.8)
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X

Fig. 1. Illustration of the configuration and notation used in this
study.

Here, we have used the spherical polar coordinates (r, 6, ¢)
with the polar axis along the z direction and with & = sin ¢
(cos ¢¥ — sin o%).

The radiant intensity J{&, ), i.e., the power per unit
frequency at frequency w, per unit solid angle centered about
direction specified by the unit vector &, is given by

J(&, ) = klim i (8ri, w)), (1.9

r—-

where 8!®)(r, w) is the Poynting vector in the far zone and
the angle brackets denote the ensemble average. In terms of
the B field, we have

J(G, w) = lim P g";ma - (B(ra, w) X &]* X B(riz, w)),

kr—o
(1.10)
where R denotes the real part. Using the identity
t-Bxa)*xB=[Bxal, (1.11)

we simplify Eq. (1.10) for the radiant intensity to the form

J(6, w) = lim P =—(IB(ri, )l?). (112)
Ar—= 8x
Let us now assume that both dipoles have the same spec-
trum, i.e., that

(1B, ()?) = (1p2(W)* = S (w). (1.13)
We also introduce the complex degree of spatial coherence at
frequency w that characterizes the correlation between the
two dipoles by the formula®

L (Pt @pyle))

1.14)
S,(w) ¢

#p(w)

On substituting from expression (1.8) and Eqs. (1.13) and
(1.14) into Eq. (1.12), we obtain the following expression for
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the radiant intensity produced by the two partially correiat-
ed dipoles:

ck? .
JG,w) = e S,(w) sin? ¢

X {1 + R[u,(w)exp(2iky, sin 6 sin ¢)]i. (1.15)
If we express the degree of correlation in the form
up(w) = lu, ()| expli2¢(w)], (1.16)

in which the phase 2y/(w) corresponds to the steering angle in
the fully coherent case,!® we find that the radiant intensity of
the two partially correlated linear dipoles is given by

It w) = LS () sin? 01 + (o)
(.w)-:: o(@) sin’ A1 + |u (w)

X cos{[2ky, sin 8 sin ¢ + 2y (w)}}. (1.17)

2. EFFECTS OF SOURCE CORRELATION ON
THE RADIATED SPECTRUM

We now examine some special cases that help to illustrate
Eq. (1.17). First let us consider two uncorrelated dipoles.
In this case u,(w) = 0, and Eq. (1.17) reduces to

R ck! . g
[ (&, @) uncorr = e S,(w) sin® 6. (2.1)

As one might expect, the same expression is obtained if the
radiating spectrum originated from a single dipole located at
the origin,!! whose strength equals the sum of the strength of
the two uncorrelated dipoles. Similarly, when the dipoles
are fully correlated, i.e., when |uy(w)| = 1, Eq. (1.17) for the
radiant intensity reduces to

‘
WG, 0o = 52% S,(w) 8in? 8 cos?[ky, sin 6 sin ¢ + y(w)].
(2.2)

We observe that for every frequency w, the phase angle y(«')
and the product ky, completely determine the angular dis-
tribution of the radiated power.

Returning to the general case in which the two dipoles are
partially correlated, we note that when the point of observa-
tion is on the x axis (§ = x/2, ¢ = 0), the radiant intensity
according to Eq. (1.17) is given by

4
I3, w) = 55 5,1+ Rluy (W 23)

The result for this special case is in the same form as the
corresponding expression for the radiant intensity from two
small partially correlated scalar sources [cf. Ref. 4, Eq. (2.4)).
The only significant difference is in the factor k¢ appearing
in Eq. (2.3), in which the product A4S, (w) is shifted to higher
frequencies relative to Sy(w).

The radiation pattern produced by the partially correlat-
ed dipoles differs from those produced in the two limiting
cases of fully correlated and completely uncorrelated dipoles
in several ways. If we denote the direction for which the
radiant intensity is a mazimum by 8, it can readily be
shown that the maximum possible radiant intensity [J(inm,
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@)} max from the two dipoles is obtained when they are fully
correlated, and it is given by

&, w)) -EL‘S(w) (2.4)
m N max = 5 Sple). ,

On the other hand, when the dipoles are partially correlated
‘the mlaximum radiant intensity is smaller by a factor %1 +
“p(w) ]

In the two limiting cases of fully correlated dipoles and
uncorrelated dipoles, the nulls of the radiant intensity dis-
tribution are determined by the factor sin? 6 in Eq. (2.1) and
by the factor sin? 8 cos?{ky, sin 8 sin ¢ + ¢(w)] in Eq. (2.2).
By contrast, it follows from Eq. (1.17, that when the dipoles
are partially correlated (0 < [u,(w)! < 1) there are no nulls of
the radiant intensity outside the plane 6 = 0. This fact is
significant in connection with the theorems regarding the
approximation of desired radiation patterns by arrays of
such sources.!?

For a numerical illustration, let the dipole spectrum be a
Lorentzian line of width &) centered at frequency wy, i.e.,

1

—_—_— 2.5
1+ (w = wg)?/8,? @5)

Sp(w) =

We choose a real-valued degree of correlation given by

((l) - Ul)z (U - w2)2
#p‘w>=Axexp[-T + Aj exp BT -1
1 2

(2.6)

Here ), w9, 6,, and &, are positive constants, and we select
real-valued A; and A; so that u,(w) satisfies the constraint

(@l =1 2.7

throughout the frequency range of interest. We note that, if
we choose a real-valued degree of correlation, the steering
angle is set to zero [i.e., 2¢(w) = 0] in the following examples.

Figures 2 and 3 show the angular distributions of the
radiant intensity in the (x, y) plane (8 = x/2) for two fully
correlated dipoles and for partially correlated dipoles whose
degree of correlation is given by Eq. (2.6). In Fig. 2 the
angular distribution is calculated for the center frequency w
= 4 of the polarization spectrum; Fig. 3 shows the angular
distribution at a different frequency. When the separation
between the dipoles increases, the lobe structure becomes
more complicated. In Figs. 4 and 5 we show the angular
distributions of the radiant intensity for dipole separation
kqoyo = 3. Comparing the angular distributions for dipole
separation Ry = 1 (Figs. 2 and 3) and kgyo = 3 (Figs. 4 and
5), we note that at each frequency the number of lobes of the
two choices of correlations is identical, although their angu-
lar distributions are somewhat different.

At afized direction in space, we can compare the spectrum
produced by the partially correlated dipoles with the spec-
trum produced by fully correlated dipoles. In Fig. 6 we show
the spectra for two choices of correlation when the observa-
tion is along the x-direction. Although it is not shown in the
figure, we remark that the spectrum produced by the fully
correlated dipoles differs from that of the uncorrelated di-
poles by a factor of 2, whereas the spectrum produced by the
partially correlated dipoles displays features that are not
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present in the polarization spectra. We also point out that
the spectrum of the field differs from the Lorentzian line
shape of the polarization spectrum because of the factor of k*
in Eq. (1.17). A similar comparison of spectra for observa-
tion points along the y direction is shown in Fig. 7. Here we
note that the spectrum produced by fully correlated dipoles
has a lower magntiude than the spectrum produced by the
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Fig. 2. Angular distributions of the radiant intensity at an offset
frequency w = 4 sec”! and a dipole separation kqyo = 1 when the two
dipoles are partially correlated (solid curves) and fully correlated
(dashed curves). The constants used in the calculations are (in
reciprocal seconds) wp = 4, w; = 3.5, w; = 4.5,80 = 0.25,and 8, = §; =
0.03. These simple numerical constants can be scaled to any fre-
quency band that is being considered.
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Fig. 3. Angular distributions of the radiant intensity at an offset
frequency w = 3.52 sec™! and a dipole separation Rqyo = 1 when the
two dipoles are partially correlated (solid curves) and fully correlat-
ed (dashed curves). The constants used in the calculation are the
same as in Fig.2.
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270°

Fig. 4. Angular distribution of the radiant intensity at an offset
frequency w = 4 sec™! and a dipole separation kgyy = 3.
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Fig. 5. Angular distribution of the radiant intensity at an offset
frequency w = 3.52 sec™! and a dipole separation kqyo = 3.

partially correlated dipoles. This fact may be explained by
Fig. 2, for example, in which the radiant intensity in the y
direction is higher for the partially correlated dipoles. Fig-
ures 6 and 7 demonstrate that the spectral features of the
partially correlated dipoles vary considerably, depending on
the direction of observation, whereas the spectrum produced
by the fully correlated dipoles remains essentially un-
changed.

The two limiting cases of fully correlated and uncorrelated
dipoles constitute the boundaries of possible modification of
spectra. In Fig. 8 we illustrate the range of modulation that
can be achieved at every frequency w, by the variation of the
magnitude of the degree of correlation |u,,(w)| and the phase
2y{(w). The figure shows four concentric circles, (i)~(iv),
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representing the relative ranges of the angular distributions
of the radiant intensity in the (x, y) plane. The external
circle (i) corresponds to the limit of fully correlated dipoles.
As one may observe from Eq. (2.2), the radiant intensity of
two correlated dipoles may attain any value inside the circle
of radius ck*S,(w)/2x. The location of the peak is controlled
by the choice of the steering angle 2¢(w). Similarly, it fol-
lows from Eq. (2.1) that, when the dipoles are uncorrelated,
the radiant intensity is constrained to values on a circle (iii)
of radius ck4S;(w)/4x. When the dipoles are partially corre-
lated, we see from Eq. (1.17) that the radiant intensity can
have any value in an annular domain bounded by circles (ii)
and (iv). It is also apparent from this representation that

Normalized Spectrum

2 45 7
Frequency « [sec™')
Fig. 6. Comparison of spectra along the x direction when the two
dipoles are partiaily correlated (solid curves) and fully correlated
(dashed curves). The constants used in the calculation are the same
as in Fig.2.
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2 45 7
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Fig. 7. Comparison of spectra along the y direction when the two
dipoles are partially correlated (solid curves) and fully correlated
(dashed curves).
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Fig. 8. Range of control over angular distribution of the radiant
intensity. The shaded area indicates the region in which the maxi-
ma and minima of the radiant intensity for partially correlated
dipoles are found.
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Fig. 9. The behavior of the function f in Eq. (3.3) as a function of
the product 2ky,.

unless the two dipoles are fully correlated there are no nulls
of the radiant intensity outside the plane § = 0.

3. TOTAL EMITTED POWER
The total power P (w) radiated by the system at frequency
w is defined by

Plw) = ]

(47)

J(&, w)dqQ, 3.1

in which the integration extends over the whole 4r solid
angle. On substituting Eq. (1.17) into Eq. (3.1) and per-
forming the integration, we find that

Pooy(w) = Yck'S (1 + f(2ky) Rluy (W), (3.2)

in which

f(z) = %lis(2) — ji(2)/2] (3.3)
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and jo(z) and j,(z) are spherical Bessel functions. The maxi-
mum of the function f(z) can be shown to occur whenz = 0,
and it has the value f(0) = 1 (see Fig. 9). It follows that the
upper bound for the total radisted power is

[P(0)]pay = Yock*S p(w). (3.4)

When the two dipoles are uncorrelated, the total radiated
power is given by

[P uncorr = 2ack*S y(w). (3.5)
On comparing the total powers o two partially correlated
dipoles P(w) and uncorrelated dipoles [P(w)]uncorr We see
from Eqgs. (3.2) and (3.5) that

P(w)
[P(“’)]uncon

Since the function f(z) given by Eq. (3.3) decreases rapidly
with increasing z, it is evident that the total radiated power
from two dipoles that are separated by a distance much
larger than a wavelength is equivalent to the total radiated
power from two uncorrelated dipoles.

=1 + f(2kyp) R[u,(w)]. (3.6)

4. DIRECTIVITY

The directivity D(&, w) of a radiating system is defined by
the ratio!?

4xJ(u, w)'

4.1
Pyy(w) @1

D, w)=

where & is the direction of observation. Here we are particu-
larly interested in the maximum directivity D(w) = D(&m, «)
that occurs in a particular direction &,,. It follows from Eqs.
{(1.17) and (3.2) that the directivity of the two partially corre-

lated dipoles is given by

16 p
E)
a
>
R |
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2 \
a \\ _//' ’-\_./"““s-...—-"'
ol B J

10
2ky0

Fig. 10. Comparison of the directivity D(w) for fully correlated
dipoles (dashed curve) and uncorrelated dipoles (solid curve) as a
function of the dipole separation 2kyo. In both cases the value of
the steering angle was 2y (w) = r.
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3 1+ luy(w)l

™2 W+ fhyo) R} “2

D(w)

It is straightforward to show that, when the dipoles are
uncorrelated, [D(w))uncorr = 3/2. Similarly, when the dipoles
are fully correlated the directivity is given by

3

11+ f(2ky,) cos[2¥(w)]) 3

D(w) =

in which 2y(w) is the phase of uy(w).

Equations (4.2) and (4.3) also indicate that, when the two
dipoles are separated by a distance that is much larger than a
wavelength, the directivity of partially correlated dipoles
approaches the value D(w) ~ 3[1 + lu,(w)l]/2, whereas the
directivity of fully correlated dipoles approaches the value
[D(w)]conr ~ 3 (see Fig. 10). This result is consistent with our
earlier remarks regarding the total power radiated from such
dipoles. In addition, if we use Eq. (1.16) in Eq. (4.2) and
differentiate with respect to luy(w)), it is straightforward to
show that the directivity is maximized for a fixed value of
f(2kyo)cos[2¢(w)] when |u,(w)l = 1, i.e. when the dipoles are
fully correlated.

5. DISCUSSION

Although the properties of the fields produced by linear
dipoles have been known for many years, most of the previ-
ous studies were confined to the limits of fully correlated and
uncorrelated dipoles. In this paper we described the spec-
trum of the field and the angular distribution of the radiant
intensity produced by two linear dipoles with polarization
fluctuations that are subject to an arbitrary choice of fre-
quency-dependent correlations.

In Section 2 we used a simple choice of frequency-depen-
dent correlation function to illustrate its effects on the angu-
lar distribution of the radiant intensity for selected values of
the frequency. We showed that the angular distribution for
different frequencies changes significantly despite the fact
that we used a fixed steering angle 2y(w) = 0 in all cases. We
also showed that the spectrum observed in one direction may
have distinct features that are not present in other direc-
tions.

In all the examples that we considered, the precise spec-
tral and angular details depend on the choice of the correla-
tion function. We believe that the essential facets of the
theory are illustrated well by our simple choice of correlation
function [Eq. (2.6)]. Additional choices of the correlation
function are discussed in Ref. 4.

In Sections 3 and 4 we examined the effects of the correla-
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tion between the dipoles on the total radiated power and the
directivity of the two dipole system. In both cases we
showed that the degree of the correlation was coupled with a
function of the separation constant kqyo,. With increasing
separation between the two dipoles, the total radiated power
becomes independent of the correlation, and as a result the
directivity becomes bounded by a constant value.
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Scattering of polychromatic light by a medium whose dielectric susceptibility is a random function of position is
considered within the accuracy of the first Born approzimation. It is shown, in particular, that if the two-point
spatial correlation function of the dielectric susceptibility has Gaussian form and the spectrum of the incident light
has a Gaussian profile, the spectrum of the scattered light may be shifted toward the shorter or the longer
wavelengths, depending on the angle of scattering. The results are analogous to those derived recently in connec-
tion with radiation from partially coherent sources [Nature (London) 326, 363 (1987)).

1. INTRODUCTION

It was predicted theoretically not long ago, that, in general,
correlations between source fluctuations produce changes in
the spectrum of the emitted light.!2 For radiation from
planar secondary sources this prediction was subsequently
verified by experiment.® It was also shown theoretically
that the changes may be such as to produce red shifts or blue
shifta of spectral lines,*€ and this prediction too has been
verified.”-? A similar effect can also be expected to arise
with acoustical waves and was, in fact, observed not long
ago.' Some other modifications of spectra due to source
correlations have also been discussed.!’

Because of the well-known analogy that exists between
the processes of radiation and scattering, one might expect
that similar phenomena will arise when a polychromatic
wave is scattered by a medium whose dielectric susceptibil-
ity is a random function of position. We show, in the
present paper, that this indeed is the case. First we derive
an expression, valid within the accuracy of the first Born
approximation, for the spectrum of the scattered light in
terms of the spectrum of the incident light and the two-point
spatial correlation function of the dielectric susceptibility of
the medium. We then show that if the spectrum of the
incident light consists of a single line of Gaussian profile and
the correlation function of the dielectric susceptibility is also
a Gaussian function, the apectrum of the scattered field will
consist of a line that has approximately a Gaussian profile.
However, this line is, in general, red shifted or blue shifted
with respect to that of the incident light, depending on the
angle of scattering. This result may appear, at first sight, to
contradict the well-known fact that there is no frequency
change in linear scattering on a time-invariant medium and

0740-3232/89/081142-08$02.00

that different frequency components of the incident and also
of the scattered light are uncorrelated. The resolution of
this apparent paradox is briefly discussed in the concluding
section.

2. EXPRESSION FOR THE SPECTRUM OF
THE SCATTERED FIELD

Let us consider a field incident upon a scattering medium
occupying a finite volume V. Suppose that the incident
field propagates in a direction specified by a real unit vector
30. We do not assume, however, that the field is monochro-
matic; rather we consider it to fluctuate at each point, gener-
ally in a random manner, characterized by an ensemble that
is statistically stationary. The cross-spectral density
Wil(p,, ¥;, w) of the incident field at points whose location is
specified by position vectors r; and r; may be expressed in
the form!?

WO(r,, 1y, w) = (U (), @) UV(r,, 0)), (2.1)

where {U/V)(r, w)} represents a statistical ensemble of random
functions, all of the form

U')(r, w) = a(w)expliks, - ), (2.2)
with
k=2, (2.3)
c

¢ being the speed of light in vacuo. In Eq. (2.2) a(w) are
(generally complex) frequency-dependent random vari-
ables, and the angle brackets in Eq. (2.1) denote the expecta-
tion value, taken over the ensemble of the incident field.
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The spectrum
Sr, w) = Wr, £, 0) = (U (r, ) UV (r,0))  (24)
of the incident field is then, according to Eq. (2.2), given by
S'w) = SV(r, w) = (a*(w)a(w)) (2.5)

and is seen to be independent of position.

We assume that the scatterer is weak in the sense that the
amplitude of the scattered field U*)(r, w) is small compared
with the amplitude of the incident field [|[UY]| « [U4)]. We
may then calculate U on the basis of the first Born approx-
imation, which yields'?

U (r, w) = a(w) j F(r', w)G(r, ¥, w)expliks, - r)dr,
v
(2.6)

where
F(z, w) = (w/c)n(r, w), @7

n(r, ) = [n%(r, w) — 1]/4x being the dielectric susceptibility
of the scattering medium, n(r, w) its refractive index, and

explik(r - r)) (28)

Grr.w= r—

the outgoing free-space Green’s function.

We will consider only the scattered field in the far zone. If
we set ¢ = r§, (52 = 1), the Green's function may then be
approximated by its asymptotic form (see Fig. 1)

enkr

G(r,r,w)~ 'y exp(—iks - r’) (kr — =), 2.9)

On substituting from the formula (2.9) into Eq. (2.6}, we find
at once that
thr
U(rs, ) = a(w) fT f F(r', w)exp|—ik(s — §,) - ’}d°r’,
14
(2.10)

where we have written U'®) rather than U to stress that the
expression on the right-hand side of Eq. (2.10) represents
the scattered field in the far zone. If we introduce the
Fourier transform of the scattering potential by the formula

FK o= I F(r', w)exp(-iK - r)d’r, (2.11)
v

Eq. (2.10) becomes

ke
U=(rs, ) = a(w)Flk(s - &), w] "—; (2.12)

or, using Eq. (2.7),

thr
U Nrd,w) = a(m)(—‘:-)2 #lk(3 = 8,), w) e—r~- (2.12a)
where 5 (K, w) is the Fourier transform, defined by a formula
of the form (2.11), of the dielectric susceptibility n(r’, w).
Let us next consider the spectrum of the scattered field in
the far zone. It can be determined from the following for-
mula analogous to Eq. (2.4), which is

S)(rs, w) = (U2 (rk, @)U (18, w)). (2.13)
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Fig.1. Ilustrating the notation relating to the asymptotic approxi-
mation (2.9).

On substituting from Eq. (2.12a) into Eq. (2.13) and on using
Eq. (2.5), we find at once that

S*i(rs, w)

4
- % (%) 3* k(5 = &o), w}AR(3 = 3)), ]S (w). (2.14)

Up to now we have assumed that the scattering medium
was deterministic. Let us now assume, instead, that its
physical properties are characterized by random functions
of position but are independent of time. An example of such
a medium would be the stmosphere under conditions when
its temporal fluctuations are siow enough to be ignored.
Then, for each «, the dielectric susceptibility n(r, ') will be a
random function of r, and consequently #(K, «) will be a
random function of K. A meaningful measure of the spec-
trum of the scattered field in the far zone is then the expecta-
tion value of the right-hand side of Eq. (2.14), taken over an
ensemble of different realizations of the scattering medium;
i.e., it is given by the expression

S'*)(rs, w)

4
- % (—‘:—) (5° ({6 — B), wWlAlk( = &), w]), S (). (2.15)

Here the angle brackets, with the subscript n, denote the
average value taken over this ensemble. It is to be noted
that the expression (2.15) involves two averaging proce-
dures, one over the ensemble of the incident field {cf. Eq.
(2.5)) and the other over an ensemble of scatterers. We
implicitly assume here that these two sources of randomness
are mutually independent.

Although the formula (2.15) for the far-field spectrum
involves an average, obtained from experiments with macro-
scopically similar but microscopically different scatters, one
can in some cases deduce the value of this average, at least to
a good approximation, from experiments performed with a
single scatterer. For example, often the necessarily finite
size of the detector aperture will provide spatial averaging.
which is essentially equivalent to ensemble averaging.!*'®
The value of the ensemble average may also be obtained
sometimes by the use of a moving aperture in front of the
scatterer.!6

If we express # in terms of its Fourier inverse n and inter-
change the order of averaging and integrations, we find that

(;'. (K]v U)'-)(Kz. W)). - ]V jv C.(l’,'. rzl. U)

X exp|-i(K, v, = K,-r,)|d%d%,, (2.16)
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where
Cr) r), w) = (2°(r), win(ry, )}, (2.17)

is the spatial correlation function of the dielectric suscepti-
bility. If we introduce its six-dimensional Fourier trans-
form

C'(K]v Kz' W) = J ] C'(rl'v rz'o w)
vy

X exp[-i(K, - r,’ + K, - r,)]d%r"d%,", (2.18)
Eq. (2.16) becomes
(a*(K,, 0)i(Ky 0)), = C,(-K |, K, w). (2.19)

Finally, on substituting from Eq. (2.19) into Eq. (2.15), we
obtain the following expression for the spectrum of the scat-
tered field in the far zone:

S5, w) = —12 (w/c)*C,[~R(5 = 5), k(5 = &), w]S(w).
r
(2.20)

The formula (2.20) shows that the spectrum of the scat-
tered field in the far zone differs, in general, from the spec-
trum S («) of the incident field by the effect of two multi-
plicative factors, namely, a factor proportional to w* and the
factor C,. The u* factor is a reflection of the fact that on the
microscopic level the medium responds to the incident field
as a set of dipole oscillators [cf. Ref. 17, Secs. 2.2.1 and 2.2.3].
The other factor, C,, may be regarded as representing the
correlation that exists between them. Because C, in Eq.
(2.20) depends on the momentum transfer vector K = k(5 ~
§¢), it is a function of the angle of scattering, and hence, in
general, the far-field spectrum will be different in different
directions of observation.

The situation is somewhat different in the idealized spe-
cial case when the dielectric susceptibility of the scattering
medium is completely uncorrelated, i.e., when

C,(r),py\0) = [(w)'¥(xy ~r) whenr'eV, ryeV
=0 otherwise,

(2.21)

where 3'¥(r’) is the three-dimensional Dirac delta function
and J(w) is a nonnegative function of frequency. We then
have, according to Eqs. (2.18) and (2.21),

C,[=k(5 = 8y, k(3 = 3p), 0] = I(w)V, (2.22)
and the formula (2.20) reduces to
[S*r8, @) uncorr ™ % (%)'l(w)s‘"(w). (2.23)

We see that in this special case the spectrum of the scattered
field is the same for al] angles of scattering and that it differs
from the source spectrum /(w) only by a multiplicative factor
that is proportional to the dipole term o*.

It seems worthwhile to stress that in deriving Eq. (2.20) no
assumption was made regarding homogeneity or isotropy of
the scatterer. When the scatterer is statistically homoge-
neous, as is often the case, the formula (2.20) considerably
simplifies, as we will now show.

Wolf et al.

3. SPECTRUM OF THE FIELD SCATTERED BY
A STATISTICALLY HOMOGENEOUS MEDIUM

When the medium is statistically homogeneous, the correla-
tion function C,(r)’, ry’, w) will depend on r,’ and r,’ only
through the difference r;’ — r,’, and we will then write
Cir/ v/, w)=Cy(r)~r/,w) whenr/'eV, rjeV
=0 otherwise.
(3.1)

In this case Eq. (2.18) becomes

€, (K, K, v)
\ {
- j f C (prmad, Nexpl=i(K, - ¥, + Ky - 1,)ld%r, dry ¥ = X
viv v \

3.2)

and hence
C,l=k(s — 8o), k(3 — 55), w]

= I I C,(ry = v/, w)exp|=ik(s = §y) - (ry’ = r,)d’r,'d’ry"
viv
(3.3)

If we change the variables of integration from r,’, r2" tor,
r’ by setting

r=(r'+1)/2, ©=(;~r)) (34)

and assume that the linear dimensions of the scattering
volume are large compared both with the correlation length
of the dielectric susceptibility [the effective r’ range of IC,(x’,
«){] and with the wavelength A = 2xc/w, Eq. (3.3) gives

C,=k( = §), k(5 ~ §9), w] = VC [k = 50), ],  (3.5)

where C,(K, ) is the three-dimensional Fourier transform
of C,(r', w), viz.,

C,(K,v) = ] C,(r', wexp(—iK - r')d’r". (3.6)
v

On substituting from formula (3.5) into the general formula
(2.20) we obtain the following simpler formula for the spec-
trum of the scattered field:
¢
en(2)

S$*Nr$, w) = ‘:’-2 @‘C'[k(é - &), w)SY ().

This formula again shows that the spectrum of the incident
field is, in general, modified by interaction with the scatter-
ing medium. The modification arises from a dipole contri-
bution that is proportional to the fourth power of the fre-
quency and by the influence of the dielectric susceptibility
correlations, characterized by the correlation function C,(r’,
w).

4. FREQUENCY SHIFTS GENERATED BY
SCATTERING

To illustrate the effect of the dielectric susceptibility corre-
lations of the scattering medium, let us consider the situa-
tion when the correlation function is a three-dimensional
Gaussian distribution, i.e., when
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C(rw)= exp(~r?/2¢%), 4.1

A __
2ra?)*?
where A and o are positive constants, i.e., they are indepen-
dent of both r’ and w.

The three-dimensional Fourier transform [defined by Eq.
(3.6)] of the expression (4.1) is

C,(K, ) = A exp[~(K0)%/2). 4.2)

Now with K = k(3 ~ %) we have, since § and 5, are unit
vectors and k = w/c,

K? = 4(w/c)%in(6/2), 4.3)

where @ is the scattering angle (5 - 8, = cos 6). Hence it
follows that, in this case,

C,lkG - 3)), 0} = A exp[-z(-‘c‘i)2 2 sinz(_g.)], (4.4)

and the expression (3.7) for the spectrum of the scattered
field becomes

SN rs, w) = AV (—‘i)‘ exp[-Z(-‘i)2 o2 ain’(i)]é'“’(w).
r \c c 2
{4.5)

Suppose that the spectrum of the incident field is a Gauss-
ian function of rms width Ty, centered at frequency wy, i.e.,
that

. -(U - (l’())2
S%(w) = B exp] —————— | 4.6
w xp o1 4.6)
where B, wo and T are positive constants. On substituting
from Eq. (4.6) into Eq. (4.5), we see that the right-hand side
contains the product of two Gaussian functions. With the
help of a product theorem for Gaussian functions estab-
lished in Appendix A, we show in Appendix B that the

resulting expression for the spectrum of the scattered field
can be written in the form

S'*)r, 6; w) = N(r)H()«* exp{——;- [L;—(%(Q]z}. «.7

where we have now written S'*)(r, 8; w) rather than S‘=)(r3,
w). The various quantities that appear on the right-hand
side of Eq. (4.7) are defined by the following formulas:

VAB
N = ——, 4.8a
"= (4.80)

eoxnl - 2 (2V . 2(8Y],
H(®) exp{ - (&;) sin (2)] (4.8b)

“@o
’

a*(0)

@(0) = (4.8¢)

Ty
() = N (4.84)

alf) = {1 + [2 (—;;-)(%}m(%)]jm (4.8¢)

and
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A
- (4.80)
We see from Eq. (4.8e) that a() 2 1 and that the equality
holds only [i.e., that a(6) = 1] when either o = 0 (completely
uncorrelated scatterer) or I'y = 0 (monochromatic light) or
when 6 = O (forward scattering). Hence except in these
special cases

o) <w, [0 <T, 4.9)

implying that the Gauasian function in Eq. (4.7) is centered
on a frequency that is lower than the central frequency wg of
the incident light and its rms width is smaller. The fact that
@(6) < ux implies that the Gaussian function in the expres-
sion (4.7) is centered at a lower frequency (i.e., is red shifted)
with respect to the Gaussian spectral line of the incident
light, the magnitude of the shift depending on the angle of
scattering,’® 6. On the other hand, the factor «* in the
expression (4.7) is an increasing function of the frequency
and hence will produce a shift toward the higher frequencies
(i.e., a blue shift). Consequently the spectrum of the scat-
tered field will be either red shifted or blue shifted with
respect to the spectrum of the incident light, depending on
the magnitudes of these two contributions. It is shown in
Appendix C that the maximum of the spectrum [Eq. (4.7)] of
the scattered field at scattering angle 6 occurs at frequency =
= wy'(6), where

(0) = —2_ 11 4|1+ a%0) LA (4.10)
wO 2a2(8) o wo .

It is customary, especially in astronomy, to specify frequen-

cy shifts by the quantity

N =N @ ey
A wy'

where Ay = 2x¢/wy is the original wavelength and A" = 2x¢/

wg’ is the corresponding shifted wavelength. Evidentlyz>0

when the line is red shifted and z < 0 when it is blue shifted.

On substituting from Eq. (4.10) into Eq. (4.11) we readily
find that in the present case

4
2a%(0) ~ {1 + [1 + a*(9) (ﬂ) ]m}
@o
1+ [1 + o?(6) (4_1*2)2]1/2
wo

Were the scatterer completely uncorrelated (¢ = 0), we
would have, according to Eq. (4.8¢), a = 1 for all values of 6,
and Eq. (4.12) would reduce to

4T\
[+ (D]
wo
Zuncorr = TAYEE
l+[l+(——-)]
“o

In Figs. 24 our main results are illustrated by a number of
computed curves. Figure 2 shows spectra of the scattered
field at different angles of scattering for some selected values
of the parameters. Figure 3 illustrates the behavior of the
height factor H(¢) defined by Eq. (4.8b). The behavior of

, (4.11)

4

z{0) = (4.12)

4.13)
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4
12}
__10 ¢
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{ 8 $ = 0°
'q3>" 6+ 6=20°
&
8, 4 9:30°
w
24 6=4s5°
0 +— —
3.3 3.4 3.5 3.6

w (10 sec™ Y]

Fig. 2. Spectrum [in units of N(r)] of light scattered at varjous
angles 4, from a Gaussian correlated medium with rms width o =
3% Ao = 5500A (wy = 3.427 X 10'® sec™!). The spectrum of the
incident light is a line with Gaussian profile of rms width I'; = 10-2
wo). The curve labeled § = 0 also represents the spectrum [in units
of N(r)] for the case when the scatterer is completely uncorrelated (o
= 0) [see Eq. (4.4)].

o

0

0° 90° 180°
Fig. 3. Height factor [H(8)] [Eq. (4.8b)], with Ty/wy = 10-2. The
values of the correlation parameter o/X; are indicated on the curves.

the relative frequency shift as a function of the angle of
scattering is shown in Fig. 4. We see that for a certain range
of directions around the forward direction 6 = 0, the line is
blue shifted (z < 0), but the magnitude of the shift decreases
with increasing 0, and eventually red-shifted lines (z > 0) are
produced. The lower curves in Fig. 4 show the difference
between the values pertaining to scattering from a spatially
random medium of finite (nonzero) correlation length (¢ >
0) and from one that is completely uncorrelated (¢ = 0).
This difference is seen to be positive for all angles of scatter-
ing @ » 0, indicating that when the scatterer has a finite
(nonzero) correlation length the spectrum is always red
shifted with respect to the spectrum that is produced with a
completely uncorrelated scatterer.
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In the case when
UTJwp)? «< 1,

(conditions that were satisfied in connection with the com-
puted curves), z(6) as given by Eq. (4.12) can be approximat-
ed by an expression that clearly indicates the roles of the
physical parameters. One finds, after a straightforward cal-
culation, that

2(0)~ 4 ({f)’[(i)’ sin%6/2) —2 1]
] e

where Ly = ¢/T is the coherence length of the incident light
(cf. Note 18). Further, when the conditions (4.14) are ful-
filled, the fractional shift of the center frequency of the
Gaussian factor in Eq. (4.7), defined by the expression

E —————— 4.16

is readily found to be approximately equal to

/% = O(1) (4.14)

0.004 1 (O)

0° 90° 180°
Fig. 4. Relative frequency shift 2(6), (a), and the difference {(8) =
2(6) = Zuneorr, (b), of the spectral line of light scattered at various
angles ¢ from s Gaussian-correlated medium with rms width o. The
spectrum of the incident light is a line with a Gaussian profile of rms
width To= 10"2 wy.
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= 2 ’ s 2 2 .
z25(0) 4(L0) sin (2) {4.17)

Hence the first term in the formula (4.15) is a red shift due
to the spatial correlations in the physical properties of the
medium. The second term is a blue shift due to the dipole
factor w*.

5. CONCLUDING REMARKS

We have considered in this paper the effect of a random
medium whose physical properties do not change in time on
the spectrum of the light scattered by it. It is commonly
stated that under these circumstances the frequency of the
incident light will not change by the process of scattering.
How is it possible then that our analysis indicates that such
scattering may produce frequency shifts of the spectral
lines? The resolution of this apparent paradox lies in the
fact that most previous work was concerned with the scatter-
ing of essentially monochromatic light, of well-defined fre-
quency, wo, say. The spectrum of the scattered light will
then necessarily also be essentially monochromatic and of
the same frequency wo. However, when the incident light is
polychromatic, the different frequency components of the
incident light, which are scattered in any particular direc-
tion, will be scattered with different strengths. As a result,
the spectrum of the scattered light will differ from that of
the incident light, even though the different frequency com-
ponents are uncorrelated. As we showed, the difference
may manifest itself as a frequency shift. This possibility of
generating frequency shifts by scattering is analogous to that
discovered not long ago in connection with effects of source
correlations on the spectrum of the emitted light.+° The
only difference is that we now deal with secondary sources,
namely, with the polarization induced in the scattering me-
dium by the incident wave. The induced polarization will,
in general, be correlated over finite distances of the scatter-
ing medium and will thus imitate correlations in primary
sources. It was this analogy between scattering and radia-
tion that, in fact, led to the present analysis.

Finally we might mention that our results suggest a new
method for determining correlation properties of refractive-
index distribution in spatially random media, based on the
analysis of the spectral changes produced by a spatially
random medium when illuminated by polychromatic light of
known spectral composition.

APPENDIX A: PRODUCT THEOREM FOR
GAUSSIAN FUNCTIONS

In this appendix we will establish the following theorem.
Theorem: If

G(w = w;; T,) = exp[—(w ~ w)?/2T ]
then
Glw — w;; T)G(w ~wy Ty)
= Glw, — wg (T)24 T )G~ & 1), (A2)

(=12, (A1)

where
. w,l',z + w,r,’
- —————,

(A3)
T2+r1,?
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To establish this theorem we multiply together the two
formulas (A1) and express the product in the form

G(w — w); T))G(w ~ wy; T;) = exp[—g(w)], (A5)
where
2w) = 2_Fx_1"7‘? [T 20 = )2 + T3w = wp)?]
= 2T 7T, (a2? = 2bw + ¢) (AB)
and
a®=T2+ T2 (A7a)
b=wT,?+wl2 (A7b)
¢ = w2 + T2 (A7c)

On completing the square in Eq. (A6), we find that
a® b\? 1 ( b"’)

(w) = -=| t—=lc-=

B o oy ("’ a’) o2\ o

1 .9 1 _b
"EI?E(W‘w) +m(c 02)' (A8)

where

L U (A9)

QO®—E——. (AIO)

By using Eqs. (A7a)-(A7¢), one can readily show that

2 T2
[ ot -b—2 = -IT;__;—;‘—z (w, - W2)2- (All)
a 1 2

On substituting from Eq. (A11) into Eq. (A8) and from Eq.
(A8) into Eq. (A5), we find that

Glw=w;T)G(w=~wu Ty

(w) = @)’ (w=3)?
= exp| — expy - =
2AT,2+ T 212

= Glw, ~ wy (T2 + TAYVGlw =& T),  (A12)

where the last step follows from Eq. (Al). This completes
the proof of the theorem.

Some remarks about the implications of this theorem are
in order. Equation (A2) shows that the product of tuo
Gaussian functions is proportional to a neu Gaussian func-
tion, G(w — &; I'), the constant of proportionality being G|u)
= wy; (T42 4 T29)Y2]. The center frequency and width of the
new Gaussian function are & and I, given by the formulas
(A10) and (A9), respectively.

The relationship between & and the two original center
frequencies w; and w; can be expressed in a different form.
It follows from Eq. (A3) that

&= fiw, + fawn (A13)
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where
f L / T (A14)
b2+ 2 r24ry?

Since f; + fa = 1, & is a weighted average of the two original
center frequencies. In particular, if 0 < w; < wy, and neither
Ty nor Ty is zero,

The relationship between [ and the original widths, T,
and Ty, can be deduced from Eq. (A4). If neither 'y nor I’z is
zero, we find that the new Gaussian is narrower than either
of the two original Gaussians, i.e., that

f<r,, T<T, (A16)

Finally, it follows directly from Eq. (A12) that the maxi-
mum value (as a function of w) of the product Gl(w — w;;
I"')G(w = wq; T2) occurs at the frequency w = & and is equal to
Gl(w) — wy; (T}2 4+ I'Y)¥2), whereas the maximum values of
each of the original Gaussians occur at w = w, and are each
equa! to unity. Therefore, as long as wy # wo, the maximum
value of the product of two Gaussians is smaller than the
maximum value of either of the two original Gaussians.

APPENDIX B: DERIVATION OF EXPRESSION
(4.7) FOR SPECTRUM OF THE SCATTERED
FIELD

We have. according to Eqgs. (4.5) and (4.6),

2
ey 2 AY (_«5)‘ _ W _ w—wp)
S'"(rs, w) _r2 - exp —21‘1’ exp -—-21_02

(Bl
where!?
IREEPL I SR SAN
T2 ¢” sin (2) (B2)
1f we set
(w-w)?
Glw=w,;T)) = exp| - ———|. (B3)
ar,
VAB
N= ’ (B4)
c'r?
the expression (B1) becomes
S'Xr$, w) = No*Gluw; T))G(w = wy; To). (B5)

Now according to the product theorem for Gaussian func-
tions established in Appendix A,

G(w; T})G(w = wg; Tg) = Glwg (T,% + T,)YG(w — &; T),

(B6)
where
r 2
ol (B7)
T2+ T2
and
l.1,1 (BS)

M ry? r?
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It will be convenient to rewrite Eqs. (B7) and (B8) as

(A S , (B9
wy 14 (TYT,)?

Tl __. (B10)

rO (1 + (ro/rl)i’]l/?

Now from Eq. (B2) it follows that
T
—;’ - % oT, ain(-;-). (B11)

or, when the relation Agwp = ¢, (Ao = A,/27 )15 used, Eq. (B11)

gives
Ty Ty 6
L= 12
T, 2(&)) (w())sm(?) (B12)

On substituting from Eq. (B12) into Eqgs. (B9) and (B10) we

-find that
2.1 (B13)
[ o
1
—_——, Bi4
T~ (B14)
where

P LEMET

Further we have, if we use Eqs. (B10),

T \?
TZ+T2=T21+4(—
rl
Ty
=T ( T )
or, if we also use Eq. (B14),

T2+ T 2=aT 2 (B16)

Hence the first factor on the right-hand side of the identity
(B6) has the explicit form

2

«o
Glwy; (T2 + T,9)'?) = exp| - ——
[woi (T ) P 2a7T?

or, if we make use of Eq. (B12),

2 2 . fF -
Glwg: (r02 + r12)l/2] = exp[“ ;, (i) sm"’(—z—)]- (B17)

On substituting from Eq. (B17) into Eq. (B6) we find that
G(w; PI)G(w Uo, ro

-exp[ _(N) lm ]G(u‘—u r). (B18)

Finally, on substituting from Eq. (B18) into the expression
(B5) we obtain the following expression for the spectrum of
the scattered field:

“’“”] } (B19)

')

S)(rs, w) = N(r)H(8)w* exp{ 2[

where
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2 a\? . .6
H@) = - 22 1].
) exp[ 20 (M) sin (2)]
The quantities &(6) and T'(9), which appear on the right-
hand side of Eq. (B19), are given by the formulas (B13) and

(B14), respectively, with a(6) given by Eq. (B15). The fac-
tor N(r) is defined by the formula (B4).

(B20)

APPENDIX C: DERIVATION OF THE
FORMULA (4.10) FOR THE FREQUENCY AT
WHICH THE SHIFTED LINE ATTAINS ITS
MAXIMUM

The formula (4.7) for the spectrum of the scattered field may
be written in the form

S™(r, 8; w) = N(r)H(8)f(w, 8), (C1
where
e begg] Y= 0O
flw,8) = exp{ 5{———-—1;(0) ] ] (C2)
with &(6) and T'(8) given by the formulas (4.8¢) and (4.8d),
respectively.

To determine the maximum of f(w, §) as a function of w
(with 6 fixed), we differentiate Eq. (C2) with respect to «.
We find that

flw,0) [, 3_w=—a& _.l_(u:"tl‘?.
—'——aw [4u F W }!P[ 2 ‘——‘—-f (C3)

Obviously

fw, 0) _
duw 0

when w = 0 or when « = w,, where

wy =0,

wy = —;—w {1 £ [1 + (%)2]”2}- (C4)

If we make use of Eqs. (4.8¢) and (4.84d), it follows that

4T \2 12
wy ‘E‘i%{l i[l +a2(—;(;9)] }' (C5)

Both of these roots can readily be shown to be frequencies at
which f(w, 6) and consequently S'*X(r, §; «) attain maximum
values. Only the one with the positive sign is relevant be-
cause of our use of the complex analytic signal representa-
tion of the field'? {see also Ref. 17, Sec. 10.2]. Denoting this
root by wy'(§), we have

wg 4T, M2
w'(0) = — {1 + [1 + a’(——) ] } (Cé)
2a ]
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The question is examined whether there may be scattering media which could generste spectral fre-
quency shifts in radiation from sources that are at rest relstive to the observer and yet would imitate
Doppler shifts. Scattering kernels of media whose physical properties fluctuate randomly in both space
and time are presented which achieve this to a good approximation. The frequency shifts produced in
this manner are not necessarily small. The results might be of particular interest in connection with the
long-standing controversy about the origin of some discrepancies observed in the spectra of quasars.

PACS numbers: 42.50.Ar, 03.80.41, 05.40.+;j, 93.50.—v

It has been predicted theoretically’*? and confirmed
experimentally*” not long ago that correlations in the
fluctuations of a source distribution can give rise to fre-
quency shifts of lines in the spectrum of the emitted radi-
ation, even when the source is at rest relative to the ob-
server. Because of the close anajogy that exists between
the processes of radiation and scattering. & similar effect
may be expected to occur when radiation is scatiered by
a “static” medium, i.c., a2 medium whose constitutive pa-
rameters (e.g., the dielectric susceptibility) are indepen-
dent of time but are random functions of position, with
appropriate correlation properties. Indeed, a very recent
theoretical analysis® has shown this to be the case.

The possibility of generating frequency shifts of spec-
tra! lines by a mechanism other than the motion of the
source relative to the observer or by gravitation might be
of particular interest for astronomy, especially in connec-
tion with the long-standing controversy surrounding qua-
sars (sec, for example, Refs. 9-14). However, source
correlations and correlations produced by static scatter-
ing do not imitate, in all respects, frequency shifts pro-
duced by the motion of a source relative to the observer
(i.c., Doppler shifts). The relative frequency shifts'®

are, in general, frequency dependent when they are gen-
erated by such correlations, whereas they are frequency
independent when they are manifestations of the Doppler
effect. Moreover, frequency shifts which sre generated
by source correlations or by correlations in the constitu-
tive parameters of static scatterers are restricted in mag-
nitude to values that are of the order of or smalier than
the effective widths of the spectral lines'é [see the discus-
sion following Eq. (10) below).

In the present Letter we investigate whether a more
general correlation mechanism, involving dynamic
scattering, could give rise to relative frequency shifts
that are essentially the same for all the lines in the spec-
trum of radiation originating in a (stationary) source
and whose magnitude could be arbitrarily large.

Consider a linearly polarized plane electromagnetic
wave of spectral profile S(w) that propagates in the
direction specified by a unit vector u, incident on a linear
medium, localized in space, whose dielectric susceptibili-
ty'” #i(r.tr:0) is & random function of both position (r)
and time (1). We assume that the ensemble which
characterizes the statistical behavior of the medium is
homogeneous, isotropic, and stationary, st least in the
wide sense.'d It has recently been shown that, within the

2= . -9-%0— (1) accuracy of the first Born approximation, the spectrum
X @ of the scattered field at a point r=ru’ (|u’| =1) in the
—J  far z0ne of the scatterer is given by '
SN a'ru'u) -Aw"f_._f [-i’—u'- -:lu.m'— oS ), )
where
(2x)’Vsin?
A= ——T'z—!' . Q)
In Eq. (2)
W | w m)p ~HK R=0T)
(K001 =L f R [ aTGR.T:0)e o @

is the generalized structure function of the scattering medium, being the { ur-dimensional Fourier transform of the

2220
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correlation function®
GR.T:0)=(§°G.;0)fc+ R, +T;0)) )

of the diclectric susceptibility and the angular brackets
denote the average, taken over the ensembie of the ran-
dom medium. In Eq. (3) V represents the volume of the
scatterer (whose linear dimensions are assumed to be
large compared to the correlation distance of ), v
denotes the angle between the direction of the electric
wector of the incident wave and the direction a' of
scattering, and ¢ is the speed of light in vacwo.

For our purpose it is convenient to rewrite Eq. (2) in
the form

S®No'ru' u) = 40" f :_}r(m'.o;n'.l)s No)do,
©)
where

(o' on' n)=F [iln'— 9—-.0'-0;m] . (v)]
c ¢

We will refer to the function (o', @:u’w) as the
scatiering kernel.

In the special case of static scattering the correlation
function G(R,T:@) will be independent of the temporal
argument T and we will then denote it by g(R.o). In
this case Eqs. {(4) and (7) imply that the scattering ker-
oel is g'ven by

¥(o'\ou',8)=§ [%n'-%n.w]&(m'-o) , (8)

where

1 . -K-R 3
oo JLeRode TR aR ®)
% the three-dimensional spatial Fourier transform of
2(R.a) and & is the Dirac delta function. On substitut-
ing from Eq. (8) into Eq. (6) we see that the spectrum of
the scattered radiation is given by

§Ko)=

SN a'ru’u) = 40"

%(n'-l);m']s‘”(m‘) . Qo)

This expression, which is the electromagnetic analog of
the main result of Ref. 8 relating to scattering of scalar
waves by static media, shows that spatial correlation of
the diclectric susceptibility, represented by the two-point
correlation function g(R.@), modifies the spectrum of
the radiation incident on the scatterer. However, be-
cause the influence of the correlstions is manifested in
Eq. (10) only through a multiplicative factor, 80 new
frequency components are generated by static scattering
lic. $(0'ru',8) =0 whenever S (0')=0]. This
conclusion is, of course, an immediate consequence of the
presence of the factor (@'~ @) in the expression (8),
which implies that each frequency compooent @ of the

incident radiation gives rise to ooe and only one frequen-
Cy @' in the scaticred radistion and that, moreover,
o=y,

Let us pow turn to the more genera! case of a medium
whose diclectric susceptibility varies randomly mot only
in space but also in time. If $“'(w) =§(w ~ay), Eq.
(6) gives

SN o'ra'u) =A0" K (', 008’ 8). an

This formula implies that a frequency component @ = oy
of the incident radistion will give rise to a frequency
component @' in the scattered radiation and that, in gen-
eral, @'®ax; and, moreover, there may be several values
of &', possibly & continuous range of them, associated
with any particular value of ey An example of the
latter situation is provided by Brillouin scattering from a
simple Buid under equilibrium conditions. The scatier-
ing kernel is then proportional to the sum of three
Lorentzian distributions, centered at frequencies o' ™ .
ooll +2(v/c)sin(6/2)), and awll =2(c/c)sin(6/2)],
where v is the speed of sound in the fluid and 6 is the an-
gle of scattering. Another example is discussed in Ref.
21.

As one of the simplest generalizations of the formula
(8) to media which vary randomly both in space and in
time let us suppose that the scattering kerne! has the
form

(12)

where a is independent of the frequencies but may de-
pend on v and uw'. In this case the formula (6) gives the
following expression for the spectrum of the scatiered ra-
distion:

S™No'rv’8) = 40" f(o',a0"0' 8)S V(a0') .

(o' ou'.8)=f(o o8 8)éce' ~0o),

13)

Suppose further that the spectrum S (o) of the in-
cident radiation consists of 8 single line centered on the
frequency @ =& and that over the width of the line the
factor @*f(a',a0';n,8') does not change appreciably
with @'. Then, sccording to Eq. (13) the spectrum
S ™) (a’,ru’,u) of the scattered radiation will also consist
of a single line, but this line will be centered close to the
frequency &' =&, where

&' =d/a. (14)

On substituting from Eq. (14) into the formula (1) we
see that the spectral line bas been shifted in frequency by
the relative amount

as)

Thus apart from s small contribution arising from the
factor @™ f(0’,a0"",8), the relative frequency shift is
Independen: of the central frequency & of the speciral
line of the inciden radiation and of the width of the
line.
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Evidently, if instead of s single line the spectrum of
the incident radiation consisted of several lines, each
would be shifted by essentially the same amount
z=g~—|, thus imitating a Doppler shift. The shift will
be towards the lower frequencies (redshift) if @ > 1 and
towards higher frequencies (blueshift) if @ <1 and can,
in principle, have any magnitude.

Next let us now consider 8 more general kernel, of the
form

(o', @:u'0) = f(o',0;u',u)e ~ o' =0V’

S (o'ru',n) =ABo" f (v’.a':;u'.-)j:_c —les'~0)20’y ~lo =BV gy,

The integral in Eq. (18) may be readily evaluated
Imost simply by making use of the so-calied product
theorem for Gaussian functions (cf. Appendix A of Ref.
8)] and one then finds that

SN o' ru',8) = A8 (22) 20" f(a',&:0',8)

xe ~lo'-EaTe (19)
where
releuryn fu[Ltet]™ oo
a ’ e I
The formula (19) shows thst the spectrum

S™(a',ru’,u) of the scattered radiation is proportional
to the product of the factor @™ f(o'.&w'u) and a
Gaussian function centered at the frequency @'=a/a
and of rms width I. This Gaussian function is shifted
with respect to the Gaussian function (17) by an amount
whose relative value is again given by the expression
(15) and is, therefore, independent of the mean frequen-
cy @ of the incident radistion. The widths of the two
lines are not the same, however. Moreover, the factor
o*f(o',&v',u) in Eq. (19) will produce a distortion of
the line and possibly an additional frequency shift, whose
relative value may or may not be small compared to the
value 2 =g — 1, depending on the exact form of the func-
tion f(o'e;u"u).

It is evident from the preceding analysis that there is a
possibility that scattering from some media whose mac-
roscopic properties fluctuate randomly both in space and
in time may generate frequency shifts of spectral lines
which closely resemble Doppler shifts. As mentioned
earlier, this possibility might be of particular interest in
connection with the long-standing quasar controversy.
However, in order to apply the present theory to quasar
problems it would be necessary to have a reliable model
available for the medium through which radistion origi-
nating in these astronomical sources passes, and no mod-
els that have been proposed so far can be accepted with
full confidence. Moreover, the very process of generation
of the radiation that reaches us from quasars is not
currently understood. One should also bear in mind that
throughout the preceding analysis the incident field was

2222
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where @ and ¢ are positive quantities that are indepen-
dent of the frequencies. Suppose that the spectrum of
the incident radiation is the line

SU(@) mpe~to-0" an
where B, &, and T are positive constants. On substitut-
ing from Eqs. (16) and (17) into the formuls (6) and as-
suming that the factor f(o',e;8’,8) does not vary appre-
ciably with @ over the effective width of the spectral line

(16) | (17), we obtain for S “’(a',ru',8) the expression

18)

|

assumed to be a plane wave. For applications to quasars
and possibly other astronomical objects, additional
averaging over a range of directions of incidence would
also have to be performed. Moreover, extension of the
analysis beyond the first Born approximation and also to
anisotropic media might be required. 2

There is a widely beld opinion that po other mecha-
nism except the Doppler effect and gravitation exist
within the framework of present-day physics, which can
account even for parts of the redshifts observed in the
spectra of radiation that reaches us from astropomical
sources. The analysis presented in this Letter raises a
question about the correctness of this opinion.
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Experiments that illustrate the influence of source correlstions o the spectrum of Light detected in the far field are reported It
# demonstrated that source correlations which violate the scaling law [E. Wolf, Phys. Rev. Lett. $6 (1986) 1370] produce a
sormmalized spectrum in the far field that is differen! from the normalized spectrum of the light at the source.

1. Introdaction

Ip a recent Letter by Wolf [ 1], it was shown that
the pormalized spectrum of light is the same
throughout the far zone and is equal to the pormal-
ized spectrum of light at the source provided that the
complex degree of spectral coberence is a function of
the variable k(p,-p,) only, where (p;—p,) denotes
the (vectorial) distance between two points on the
source, k=w/c, w represents the angular frequency
and c is the speed of the light. If the complex degree
of spectral coherence depends on frequency only
through the variable k(p,~p, ), the source is said to
satisfy the scaling law.

It is well known that the correlation properties of
Light can be controlied by application of the Van Cit-
tert-Zernike theorem [2-6]. To date, using conven-
tional sources and optical sysiems, the secondary
sources with controlled correlation that have been
produced all satisfy the scaling law.

In this article an experimental arrangement that
provides 8 secondary source with a complex degree
of coberence that is independent of the wavenumber
k (ie. violates the scaling law) is described. In accord
with theoretical predictions, when the scaling law is
violated the spectrum in the far zone is not equal to
the spectrum of light at the secondary source and it
also depends on the observation point. The experi-
mental measurements of the spectrum in the far zone
are found 1o be in good agreement with theory.

0030-4018/87/$03.50 © Elsevier Science Publishers BV,

{Nonb-Holland Physics Publishing Division )

2. Coherence in linear optical systems

Consider a general linear system with an impulse-
response function given by A(x, y, ¢, m, w), as illus-
trated in fig. 1. With a given transverse component
of the electric field, we associate a complex analytic

signal u(¢, 7, 1) and define the spectral amplitude
U, 7, @) 1o be the time-truncated Fourier trans-

formof u(&,. m 1),
T

Ui nmw)=s J u(l,mi1) exp(+iwt) dr. (1)

-7

Using this definition one can express the spectral
amplitude of the sysiem output Uy, (x, ¥, w) in terms
of the input spectral amplitude U,({, m, w) as foliows

Un(x, y, w)
- ” U row)h(xylnw)ddn. ()

tmpuise
Response

hixy:En.o)

Fig. 1. Linesr system with frequency-dependest impulse response
Mxylgw).

5’1
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In eq. (2) the spatial coordinates in the input and
output planes are denoted dy (¢, #) and (x, y),
respectively, and w=2xc/i, where 1 is the
wavelength.

When one considers the operation of an optical
system with broadband illumination, by far the most
convenient Quantity to calculate is the cross-spectral
density functiop defined [7] as

W(x,, %3, 9 w)

- lim U(xy, 3 @) U(x3, 21 @) ), )
T 2T

in which (...), denoles an average over an ensemble
of sources. Note that the time-truncated field is used
gince, ip general, the noiselike field u(x, y, 1) is not
square integrable.

A quantity of particular interest in this article is
the spectral intensity

S(x,ywlsW(x,yx yw), (4)

(3)

which represents the intensity at point (x, y) and fre-
quency w. Note that the total intensity at point (x,
y) is obtained simply by integrating S(x, y, w) over
all temporal frequencies.

If an input object (¢, o, w) is inserted at plane 1
and illuminated by a field with spectral amplitude
Un({, 7, w), then the spectral amplitude U, (¢, 7, )
Jeaving plane I is given approximately by

V. rw)=U.. mw) n({, mw). (3)

Using eqs. (2), (3) and (5), the cross-spectral den-
sity function W}, (x,, y\; X, ¥;; @) in plane II is writ-
ten as

Wn(x..y.:xz.yz:w)s””t.(t.mw)

X8 nw) Wald. 1l 0 w)
XA(x,, 3.8 mw) B%(x;3,52: 8" ' w)

xd{dndl'dn . (6)
Eq. (6) is & general expression relating the cross-
spectral deasities in planes ] and 11.

It is useful 10 define a pormalized form of the cross-
spectral density function given as follows:

W(x,,y; X3, Y3, @)
[S(x,, y1; w) S(x3, 32 @))'7?°

M(w)= &)
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in which |g,;(w)| can assume values in the range
0< (u (W) € ). k(@) is known as the complex
degree of spectral coherence [8).

3. Ceatrol of spatial coberence

Diagrams of the optical systems used in the exper-
iments are shown in fig. 2. In botk system configu-
rations, 8 primary source illuminates a circular
aperture of radius g, in plane I. It is assumed that
illumination is provided by a quasi-bomogeneous
therma) source [6] located directly behind the aper-
ture in plane 1. The impulse-response function con-
pecting planes ] and I is used 10 produce a secondary
source with controlied spatial coherence at plane I1.
The spectrum of light is measured at the secondary
source, plane 11, and in the far field of the secondary
source, plane I11.

A theoretical expression for the complex degree of
spectral coherence in the secondary source plane I
can be calculated using eqs. (6) and (7). For the sys-
tem shown in fig. 2(a), plane I is located in the front
focal plane of an achromatic telescope objective of
focal length F. Plane 11 is Jocated in the back focal
plane of the objective. For this case the impulse-

)]

A=t

(b)‘ . v

Achromatic
h r e

n Transtorm y v

2
n "

Fig 2. Experimental configurations for realization of secondary
sources with cosuolled spatial coberence that (a) sstisfy the
scaling law, and (b) violste the scaling law. The aperture in plane
1 is illuminated using a broadband, spetially incoberent source.
A secondary source with 8 specified complex degree of spectral
coberence is formed in plane I1 through application of the Van
Cinent-Zemnike theorem. Measurements of the spoctral intensity
are made in the secondary source plane I a8d in the far fieid of
the sscoodary source, plane II1.
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response function connecting planes 1 and 1 is given
by

A (x, 5.4, 1 w)

= (—iw/2xcF) exp[(-iw/cF) (X +m)):  (8)

this is the conventional impulse response for a F-to-
F Fourier-transform system [9].

In the system arrangement shown in fig 2(b), an
achromatic-Fourier-transform lens [10-12] is
inserted between planes ] and [1. With spatially coh-
erent light the effect of this Fourier achromat is 10
produce an optical Fourier transform in plane I in
which the transform size is independent of wave-
length. The impulse response of the Fourier achro-
mat is given by

A (x, 5. &, w)

= (—iwe/2xcF) exp[( —iwo/cF)(x$+m)] . (9)

in which w, is a constant and corresponds 10 a par-
ticular design frequency.

The effect of the impulse-response functions given
by eqs. (8) and (9) is illustrated in fig. 3; these pho-
tographs are optical trunsform patterns recorded in
plane I of the systems in figs. 2(a) and 2(b), respec-
tively. In each case, a8 400-um-diameter, circular
aperture is inserted in plane I and illuminated with
spatially coherent, broadband light. The spectral
bandwidth of the light is 200 am. In fig. 3(a) one
notes that the size of the transform pattern scales lin-
early with the wavelength of illumination. The scal-
ing of the pattern with wavelength can be traced
directly to the frequency dependence of A**"(x, y, £,
m w) in eq. (8). The system in fig. 2(a) produces a
secondary source in plane I that obeys the scaling
law. In fig 3(b) it is seen that the scale size of the
optical transform pattern produced by the Fourier
achromat is independent of the illumination wave-
length. The Fourier achromat of fig. 2(b) produces s
secondary source in plane II such that the complex
degree of spectral coherence is independent of the
illumination wavelength, and therefore, does not sat-
isfy the scaling law,

Using eqs. (6)-(8) gives the following expres-
sions for the spectral intensity and complex degree
of spectral coherence in plane II for the system in fig.
2(a):
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™ (@) =xSN(w) , (10)
s, (@)=J,(x)x, 1)

where $1°(w) denotes the spectrum at the primary
source, J,(x) is the Bessel function of order one,
= (wa/eF){(x3~x,)2+ (13-)1)*])'7 a0d ko is &
constant. We will refer to sources that have a com-
plex degree of spectral cobherence with the functional
form of eq. (11) as Bessel-correlated sources.

By using eqs. (6), (7) and (9) one can calculate
expressions for spectral intensity and complex degree
of spectral coherence in plane Il of fig. 2(b), and one
finds that

SMMN(w) =x, (wo/w)® T(w) $*°(w), (12)

() =), (X'’ (13)

where T(w) is introduced 10 account for transmis-
sion losses through the Fourier achromat,
X' = (wos/cF)(x3=x)?+(y2-5,)?)'? and x, isa
constant. Note that the only difference in the expres-
sions for the complex degree of spectral coberence in
eqs. (11) and (13) is that @ in eq. (11) has been
replaced by wy in eq. (13). A detailed calculation for
the spectral intensity shows that S} (r; w) is inde-
pendent of the spatial location 7 only in a region
whose size depends on the spectral bandwidth. In the
experiments reported below, a circular aperture is
inserted in plane II to0 ensure that
S (r, w) = St (w) for all points within the aperture.

4. Spectrum of light in the far field

The spectrum of light in the far field of the second-
ary source located in plane II can be calculated using
the above linesr system formalism to describe the
propagation between planes I and Il of fig. 2. The
spectral intensity in plane III is readily found to be
given by the following formula:

Su(u, v, @)
-””lu(x..y.; W) Bi(x3, 1 @)
X Wy(x,, y15 X3, y2: @) A (u, v; X, )13 @)

XA="(u,v; X, 0 w)dx, 4y, dx; dy;,  (14)
7
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Fig ). Airy-disk diffraction patiers recorded in the back focal plane, plane I1, of () ap achromatic selescope objective lens, and (b) an
schromatic-Foarier-transform lens. These photographs were produced by iltluminsting s circular aperrure locsted is plane | with brosd-
Sand, spatially coberent light. 1o (a) the diffraction patiern scales hnearty with waveiength, and in (b) the sise of the diffraction patiern
is independent of the wavelength.
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where 1,,(x, y, w) represents a transmission function
in plane 11, and

A= (u v, x, 5y, w)=(~iw/2xcz)
xexp[(+iw/2cz)(u? +1?))

xexp[( —iw/cz)(ux+vy)] . Q(1s)

Taking t;(x, y. @)=1 and using egs. (7), (10),
(11) and (14), one finds tha1

ST (rw)=x,ST"(w), r€a,2/F,
=0, r>a,2/F,

(16)

where r= (¥ +1?)'? and «; is a consant.

Using eqs. (7) and (12)-(14) one obuains the fol-
Jowing expression for the spectrum of the field in the
far zone of the achromatized secondary source of fig.
2(b):

ST w) =Ky (w/wo)* ST (w), r€woa, ZwF,
=0, r>woea, z/wF,

(17)
where x, is 8 constant.

S. Experimental results

In the experiments a 100-watt tungstien-halogen
lamp is used as the primary source and is Jocated in
close proximity behind a circular aperture of radius
a,=2.5 mm in plane [ [see fig. 2]. The foca! length
Fis 180 mm. Using these values the coherence inter-
val at the secondary source plane 1l is 24 ym at
Amio=550am.

A circular aperture of radius a,=0.5 mm is located
in plane I1. The far-field condition is satisfied when
22 a3/A=0.5 m at 1= 500 nm. To obtain an accept-
able SNR in our detection system, the distance 2 is
taken to be one meter. The aperture in plane 11 is also
used to ensure that the spectrum of the secondary
source in the experimental arrangement of fig 2(b)
is independent of the spatial Jocation within the
aperture [sec eq. (12)).

The spectral intensity of the light at the various
observation points is measured using 3 grating
monochromator.

Fig. 4(a) shows curves for the spectral intensity
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Fig. 4 Normalized spectral intensity a1 the secondary source plane
11 and in the far fieid of the secondary source, plane 111, for (8) a
source that obeys the scaling law, and (b) a source in which the
complex degree of spectral coherence is independent of the illu-
minstion frequency (i.c., violstes the acaling law). In (a) the
spectral intensity is normalized 10 the peak value of the speciral
intensity in the respective planes. In (b) the speciral intensity in
planes 11 and 111 are scaled 50 that ST (wo) = ST (0 wo) = ).

measured at the source plane 1l and at various loca-
tions in the far field, plane 111, for the system config-
uration of fig. 2(a). As expected, since this source
obeys the scaling law, the normalized spectrum is
indeed invariant on propagation.

In the experiments involving the system configu-
ration of fig. 2(b), an all-glass Fourier achromat [11)

9
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Fig. S. Measured values of the pormalized spectral intensity in
the far field, plane 111, for case (b) (i.c. when the source does not
obey the scaling law). The spectral intensity is measured at off-
axisangles §=0°, 10°, 15°, 20°. Note that the spectral intensity
wversus w narrows as the off-axis angle @ increases. The intensity
data are pormalized with respect 10 §,,(0.w,), where w,=
3.2x10"%s"".

is used. The lens consists of three widely spaced lens
groups. The Jens is capable of forming 250 adjacent,
schromatized Airy disks across a8 7-mm diameter in
the optical transform plane. Achromatization is well
corrected for wavelengths ranging from approxi-
mately 470 om 10 590 am [4.0x 10" >w >3.2x 10"
']

The spectral intensity measured on-axis at planes
11 and 111 for the Fourier-achromat-system configu-
ration is shown in fig. 4(b) ~ the solid curves are
plotted from laboratory measurements and the
dashed curve is the theoretical prediction for the
spectral intensity as given in eg. (17).

In fig. 5, measurements of the spectral intensity at
various off-axis points in plane Il of fig. 2(b) are
given. Note that the width of the spectral intensity
versus w parrows as the angle of observation
increases. For the off-axis points, the measured val-
ves of the spectral intensity are somewhat lower than
that predicted by eq. (17). This can be explained by
the fact that the far-field condition is only approxi-
mately satisfied. For the calculation of the spectral
intensity st off-axis points in plane III, one should
actually use the impulse response that corresponds
10 s Fresneldiffraction geometry. However, for the

10
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sake of brevity, this calculation is omitted in the
present trestment.

6. Discussion

As observed in the experiments and consistent with
Wolf's theoretical predictions {1}, the spectrum of
light in the far field depends on the correlation prop-
erties of the light at the source. If the optical field at
the source obeys the scaling law, the spectrum of light
on propagation is invariant. Departures from the
scaling law produce changes in the spectrum that
depend on the correlation properties of the source and
on the location of the observation point.

In our experiments a circular aperture is inserted
in plane ] of fig. 2 10 produce & secondary source at
plane 11 that is Bessel-correlated {see eqs. (11) and
(13)]. A Fourier achromat [see fig. 2(b)] is used to
produce a field correlation in plane II that is inde-
pendent of the illumination frequency (a departure
from the scaling law). In this case the spectrum in
the far field is different from the spectrum measured
at the source and changes for different observation
points in the far field see eq. (17) and figs. 4 and
§]. While a Bessel-correlated source was used in these
experiments, it is noted that virtually any allowed
functiona! form for the complex degree of spectral
coherence can be produced through application of the
Van Cittert-Zernike theorem. For example, 8 gaus-
sian-correlated source can be produced by inserting
8 gaussian transmission function in plane 1. A Four-
jer achromat inseried between planes § and 1l elimi-
nates the wavelength dependence in the complex
degree of spectral coberence in plane II. A different
frequency dependence for the complex degree of
spectral coherence could be produced by a modifi-
cation of the design rules used for the Fourier
achromat.

The effects of source correlation on the spectrum
is 10 be distinguished from changes in the spectrum
due to diffraction of fully or partially coberent light
by an aperture located in the source plane. Although
both effects can modify the spectrum of light on
propagation, their physical origin is different. For
example, suppose that one placed » diffraction grat-
ing in the secondary-source plane I1. Using eq. (14)
and the appropriate expression for the transmission
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function 1n(x.y,w) of a diffraction grating, one can
write an expression for the spectrum Sy (¥, ¥; w) in
the far field. The transmission function In(x, ¥, @)
will affect S);;(u, v; w) only if the coherence interval,
associated with the cross-spectral density Wy (x,, y,;
X3, Y3, @), is on the order of or greater than the grat-
ing period, i.c. the light is spatially coberent over at
Jeast a3 portion of the grating structure. Similiar rea-
soning can be used for the case in which a refractive
element, such as a prism, is placed in the secondary-
source plane.

In our experiments, a l-mm-diameter circular
sperture is inserted in plane I1. The purpose of this
sperture is to ensure that the far-field condition is
satisfied (approximately) in the measurements of
Sinlu, v, @). As stated above, the coberence interval
at plane 1] is 24 um. Since the coherence interval is
much less than the object structure (aperture diam-
eter), the illumination in plane Il is essentially
incoherent and the aperture does not modify the
spectrum of light in the far field. In our experiments,
changes in the spectrum on propagation are due to
the correlation properties of the secondary source.
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Observation of Frequency Shifts of Spectral Lines Due to Source Correlations
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Wolf has recently shown that the spectrum of radiation from an extended source changes on propaga-
tion unless a certain scaling condition is obeyed by the degree of spectral coherence across the source.
For a large class of source-coherence functions, the change may be such as to produce red shifts or blue
shifts of speciral lines. We have performed an acoustic experiment with two small partially correlated

sources and demonstrated Wolf's prediction of frequency shifts of spectral lines by this mechanism.

PACS numbers: 42.68. Hf, 42.10.Mg, 43.20.+g

Wolf! has shown theoretically that the spectral density
of radiation in the far zone of an extended source may be
different from the spectral density of the individual radi-
ating source points if there is some spatial coherence be-
tween the source fluctuations at different points in the
source region. Morris and Faklis subsequently confirmed
experimentally the noninvariance of the spectrum for ra-
diation from a particular optical source.? In later publi-
cations Wolf?* has shown that the center frequency of a
spectral line could be shifted from the center frequency
of the same line as seen at the source. This shift could
be cither a red shift or a blue shift depending on the
specific form of the source-correlation function.

Wolf's main result is the following expression for the
spectral density of the field at frequency w, at a point Ru
(u2=1) in the far zone, emitted by sources of a wide
class:

Sy(Ru)xSo(w)glku,w). )

Here Sp(w) is the spectral density at each source point,
fig(ku,w) is the spatial Fourier transform of the degree
of spectral coherence ug(r; —r;,@) of the source fluctua-
tions at two typical source points, and k =w/c, ¢ being
the velocity of propagation of the radiation. Formula
(1) shows that, in general, the spectrum of the far field
will not be equal to the source spectrum Sp(w) but will
be modified by the source correlations.

Wolf's analysis was based on correlation theory of sca-
lar fields and hence must also apply to acoustic fields.
To test experimentally the dependence of the spectrum
of the emitied field on the correlation properties of the
source, we considered a very simple radiating system,
consisting of two small correlated acoustical sources with
the same source spectrum So(w) and we measured the
spectrum Sy (w) of the emitted field in the far zone. The
correlation between the two sources can be characterized
by a correlation coefficient ug(w) which is a function of

the frequency. For our case one finds that Eq. (1)
reduces to the following expression for the spectral inten-
sity Sy (w) at the observation point:

Su(w)¢SQ(w)[l+ReyQ(w)]. Q)

This formula is derived and up(w) is defined in the ac-
companying Letter [Wolf,’ Eq. (8)), where it is also
shown that the factor [1+Reug(w)] in Eq. (2) can pro-
duce a field spectrum Sy(w) whose central frequency is
shifted either towards the lower frequencies (producing a
red shift) or towards the higher frequencies (producing a
blue shift), compared with the central frequency of the
source spectrum Sp{w).

We have demonstrated this “Wolf shift™ with a two-
point acoustic source which has a frequency-dependent
cross correlation of the two source points. We have ob-
served both red shifts and blue shifts.

Our experiment is iliustrated in Fig. 1. Two loud-
speakers of diameter d =9 cm are separated by a dis-
tance D =40 cm and located at distances R; and R;
from a microphone with an aperture of 1.5 cm. We
chose Ri=R;=3 m. None of these dimensions ap-
peared to be critical and were not expected to be. An
acoustic spectral line, i.c., band-limited random noise,
with center frequency wy (wavelength i) and width Aw
was broadcast from each speaker.

In Fig. 2 we show the detected spectral density of the
field from source 1, labeled A4, and source 2, labeled B.
These spectra were measured at the microphone one at a
time, with the other source switched off, and had the
same shape as the spectra at the source which we verified
by also measuring the spectrum of the voltage wave form
which drove each specaker. The intensities of the two
sources at each frequency were equal to within 5%; the
center frequencies were both at 1180 Hz and the
linewidth at half maximum amplitude was —~300 Hz.
The spectral density of the sound at the microphone with

© 1987 The American Physical Society 2649
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Source 1 Source 2
[ ] [}
P o o

Detector

FIG. 1. The configuration of our experiment. Two acoustic
sources each with diameter 4 are located distance D apart.
The detector is a microphone at distances R, and R; from the
two sources.

both sources switched on is shown by the curve labeled C
in Fig. 2. It has a peak at 1020 Hz exhibiting a red shift
of 160 Hz. We will now explain how this was achieved.
Although both sources radiated band-limited random
noise with the same spectral density, they were, in fact,
partially correlated. Each spectrum had two parts, an
anticorrelated component, a broad line centered at 1180
Hz, and a correlated component centered at 1020 Hz.
The anticorrelated component of each line was prepared
by modulating the phase of a Hewlett-Packard 3325A
frequency synthesizer with low-pass filtered white noise
which created a 300-Hz-wide spectral line centered at
the synthesizer's set frequency. This signal was passed
through a L-C notch filter set at 1020 Hz then split into
two equal parts, and one part was inverted to yield two
anticorrelated random signals x(r) and —x(1). The
correlated components ‘were generated by passing the
output of a second Hewiett-Packard 3325A synthesizer,
which was set 1o the same frequency as the first and
phase modulated by an independent source of random
noise, through a L-C band-pass filter tuned to the same
frequency as the notch filter. This signal was divided
into two equal parts, each denoted by (1), and added to0
the uncorrelated signals to give the two signals x(r)
+y(r) and —x (1) + y (1) which drove the speakers.
Assuming x(1) and y(1) to be independent random
processes, one can calculate the degree of spectral coher-

2650
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FI1G. 2. Square root of the spectiral density of the acoustic
spectral lines in three cases. The curves labeled 4 and B are
the results of measurements at the microphone when one
source at a time is switched on. The curve labeled C represents
the red-shifted acoustic spectral line when both sources are
switched on to act as a correlated extended source.

ence ug(w) and we find that
po(w) =125, (w)/Sp(w)] -1, (3)

where S, (@) is the spectrum of y(r). Using Eq. (2) we
find the spectral density at the observation point is

Sy(w)eS,(w), )

i.e., it is proportional to the spectrum of the correlated
components of the signals which drove the two speakers.
We also produced a blue shift of a spectral line by
moving the center frequency of the anticorrelated com-
ponent of the source spectra to 840 Hz keeping the
correlated components the same. With both sources

| | 1 -

1Syl (Arb. Units)

L [ 3] 1.6 1.8 2.0 28
Fraquency @2z (&H1)

FIG. 3. The curves labeled 4 and B have the same meaning
asin Fig. 2. The curve labeled C now represents a blue-shifted
line.
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switched on, the peak in the spectrum at the detector was
at 1000 Hz, thus exhibiting 2 160-Hz blue shilt, as seen
in Fig. 3.

There were a few other features in the spectra which
we now wish to explain. The weak line present at 300
Hz and the feature at very low frequency were both
direct electrical pickup from the power lines and had no
effect on the experiment. The jagged features in the
spectra in Fig. 2 seem to be an effect of the room in
which the experiments were performed. The rectangular
room was not totally anechoic and the room resonances
made it impossible 1o simultaneously obtain smooth
profiles for all the lines.

In summary, we have confirmed experimentally the
theoretical prediction that lines in the spectrum of radia-
tion from a partially coherent source may indeed be
shifted with respect to their locations in the emitted
spectra of the individual source points. The significance
of this effect goes, however, beyond the present illustra-
tion of principle. It demonstrates a new mechanism by
which spectral lines from extended sources may be fre-
quency shifted. This effect may be important in astro-
physics. The effect of spatial correlations between emit-
ting clements of an extended astronomical source have
not previously been considered (with the possible excep-
tion of astronomical masers). Specifically, the cosmolog-
ical interpretation of the quasar red shifts has been ques-

tioned®”? and Wolf has suggested that this new mecha-
nism may provide contributions to the red shifts of
quasers.> However, there has not yet been offered any
firm suggestion for the origin of possible correlations
among radialing atoms in astronomical sources but the
correlation lengths required for producing observable red
shifts need only be of the order of a wavelength,? which
seems a relatively modest requirement.

We would like to thank Emil Wolf for several useful
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Frequency shifts of the optical spectra emitted by & pair of suitably correlated small sources have been recemly predicted by
Wolf and demonstrated expenimentally in the acoustic domain by Bocko. Douglass and Knox. We show that a small modification
in the form of the correlation functions used by Wolf leads 10 3 mode! of the correlated pair that can be easily synthesized 1n the
optical domain. The results of experimental tests exhibiting redshifts and blueshifts are presented.

The existence of spatial correlations within a source
affects the way in which the spectral properties of the
light emitied by the source propagate [1-4}. Fur-
thermore, it has been proved by Wolf that a suitably
correlated source can give rise 10 redshifts or blue-
shifts of the emitted light with respect to the case of
an uncorrelated source {5,6]. In view of the impor-
tance of this prediction, in particular for astronom-
ical problems, experimental proofs of it are very
significant. In order to facilitiate experiments, Wolf
offered what is perhaps the simplest model of a source
exhibiting redshifts and blueshifts of the above type
[7]). It consists of a pair of small sources suitably
correlated. Bocko, Douglass and Knox [8) suc-
cecded in synthesizing an acoustic source of this type
and found a complete agreement with the theoretical
predictions.

In spite of its simplicity, the form of the correla-
tion functions used in Wolf"s paper is not very easy
to synthesize in the optical domain. To overcome
this, we propose a small modification of the form of
the correlation functions to be used in the source
model. We will show that in this way redshifts and
blueshifts can still be exhibited while making the ex-

perimental synthesis of the source quite easy. We shall
begin by recalling a few essential results from the pa-
per of Wolf | 7). Two small fluctuating sources, par-
tally correlated, are located at certain points, say P,
and P,. The space-frequency description of the cor-
relation between the source fluctuations is given by
the cross-spectral density [9] HWq(P,, P,, w), where
w is the angular frequency. The normalized version
of the cross-spectral density is the degree of spectral
coherence [9]

“Q(PlvPva)=".Q(PI'P2|w)/SQ(w)o (l)

where Sq(w) is the spectrum (assumed 1o be the
same) of each of the two source distributions. Sup-
pose that the spectrum of the field produced by the
two sources is observed at any point P on the per-
pendicular bisector of the line joining P, and P,. Wolf
showed that such a spectrum, say S, (P, w), is given
by

Su(P,w)=(2/R?) Sq(w) [1+Repug(w)}, (2)

where Re denotes the rea! part and R is the common
distance of the point P from the two sources. Here-
after, the explicit dependence of both g and Hg on

0 030-4018/88/%03.50 ©® Elsevier Science Publishers B.V, 1
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P, and P, is dropped. Eq.(2) clearly shows that the
field spectrum Sy, at the point P is different from the
source spectrum Sg unless the degree of spectral co-
herence is independent from w (in particular, for
either uncorrelated sources, i.e. for uq(w)=0, or
perfectly correlated sources, i.e. for uo(w)=1). In
certain cases. the field spectrum can be redshified or
biueshifted with respect to the spectrum of the source
fluctuations. This can be seen through a suitable
choice of Wq(w) and Sq(w). We shall first consider
the form chosen by Wolf in ref. [7]. In order to fa-
cilitate the comparison with the modified form to be
seen shortly, we shall quote the Wolf's formulas in
the following manner, slightly different (but of course
equivalent) to the original one

Wo(w)=Bexp[ - (w-wj)?/26¢
—Aexp[ - (w-wg)?/263], (3)
Sq(w)=Aexp| - (w—wp)?/263), (4)

where 4, w,, wo. & and &, are all positive constants
with the same meaning as in ref. [7]. B is also a po-
sitive constant and must satisfy the inequality
B/A<2 (see ref. [7] for further details). On in-
serting from egs. (3) and (4) into egs.(1) and (2),
the following expression is obtained for the spectrum
of the field at the point P

Su(P,w)=(2B/R?) exp[ = (w-w()?/268 ). (5)

Hence, a redshift is produced if wp < wg and a blue-
shift in the opposite case.
We now modify H'g and Sg in the following way

HWo(w)=A, exp| - (w-w,)?/262]

—Apexp[ - (w-w,)?/24], (6)
SQ(UJ)=A¢, CXP[ -(w-w, )2/26£ ]
+Asexp| — (w—wy)?/265], (7)

where A,. Ay W, wy, 6, and J, are positive con-
stants. For the moment, no constraint is imposed on
A,/Ag On comparing egs.(6), (7) withegs.(3), (4),
we see that the present case differs from the one con-
sidered by Wolf mainly for the form of Sq(w). How-
ever, see eq.(1), the normalized version of the
correlation function uq(w) is also modified. Pro-
ceeding as before, we easily obtain

Su(w)=(44,/R?) exp[ - (w~w, )?/262}. (8)

2
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In order 10 see that eq.(8) can entail a redshift or a
blueshift, let us refer to the case A,=A4,, §,=6,and
|w, = wy| <24,. In this case, the overlapping of the
two gaussian profiles given by eq.(7) gives rise to a
curve in which the two component lines are not re-
solved and the source spectrum has a maximum at
ww= (Wo+wy)/2. Accordingly, the field spectrum,
see ¢q.(8), is redshified if w, < ww and blueshified
in the opposite case. An example is shown in fig. 1,
where the numerical values are approximately the
same as in the experiment to follow. Furthermore, it
can be easily seen that the shift phenomena appear
even if the conditions on the parameters of eqs.(6)
and (7) are somewhat relaxed.

The main virtue of the present source model. as
compared 1o the previous one, is that an experimen- .
tal synthesis of it is easier to produce.

In order to see this, we begin by noting that both
the cross-spectral density and the power spectrum
described by eqs.(6), (7) are the sum of two terms
with weighting factors 4, and A, Were A,=0, the
remaining terms in eqs.(6) and (7) would represent
perfectly correlated source fluctuations at P, and P,
with a gaussian power spectrum centered at w,. In
fact, on evaluating the degree of spectral coherence
we would find uq(w)=1. On the other hand, were

(@) b
Qs
g
s Qs
§ 04
&
az
290 300 310
N-'U.ﬁ"l%

Fig. 1. Redshift and blueshift produced by two sources correlated
as in eqs.(6) and (7). Curve (a): spectrum obtained when the
sources radiate simultaneously with the following parameters:
w,=3.01x10" rad/s; w,=3.04x 10" rad /3. 8, =J,=2.5x 10"
rad/s, A, =.4,= | (arbitrary units). Curve (b): same as curve (a)
except that w,=3.04x10'* rad/s and w,=301x10'* rad/s.
Curve (¢): field spectrum (multiplied by a factor 2) produced at
the observation point by a single source.
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Ao=0, we would find ug(w) = — 1, evidentiating that
the second term alone in eqs.(6) and (7) accounts
for perfectly anticorrelated fluctuations of the
sources. For 4, # 0 and A,# 0, the source correlation
has both a correlated and an anticorrelated compo-
nent. These two components are mutually indepen-
dent as implied by the fact that they are summed
together in eqs.(6) and (7).

Starting from the previous interpretation it is not
difficult 10 devise possible schemes for synthesizing
two small sources describable by eqs.(6) and (7).
As an example, let us refer to the scheme of fig. 2.
The two sources are realized as small holes, centered
at P, and P,, pierced in an opaque mask M. Each
hole is illuminated by two different beams of light by
means of a beam-splitier BS. One beam, say B, pro-
vides a spatially coherent and cophasal illumination
a1 P, and P,. Its power spectrum is described by
€q.(7) letting 4,=0. The other beam, say B, whose
power spectrum is obtained by eq.(7) letting A, =0,
gives a spatially coherent but anticorrelated (i.e. with
a n dephasing) illumina:-on at P, and P,. The an-
ucorrelation condition can be easily satisfied acting
on the angular position of BS in order to produce a
suitable tilting of the wavefronts of B; with respect
to M. The specirum of the field produced by the two
sources at a point P located at the same distance R
from both sources is then examined by a spectrum
analyzer SA.

Of course, the two sources synthesized in this way
are secondary instead of primary sources, but this
does not change the basic mechanism leading to the
redshift or blueshift phenomenon.

We performed an experimenzial test of the synthe-
sis procedure using a scheme derived from that of
fig. 2, with some unessential changes (such as re.
placing holes by rectilinear slits to improve the lu-

Fig 2. Experimental setup.
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minosity of the system). Each of the two beams B,
and B, spatially coherent across the distance from
P, to P,, was prepared in s standard way by colli-
mating the light emerging from a sufficiently narrow
slit illuminated by a primary halogen lamp. Filters
were inseried across each beam in order 1o produce
the required spectral distribution. In a first expen-
ment, aimed at evidentiating the redshift phenom-
enon, the spectrum of B, was centered at a
wavelength of 526 nm (giving w,=3.01x10'*rad/s)
with a linewidth of 8 nm, whereas the spectrum of
B, was centered at 520 nm (w,=3.04x10'° rad/s)
with a linewidth of 10 nm. In fig. 3, curve (¢) gives
the spectrum produced a1 P by a single source (at
either P, or P;). Curve (a) gives the spectrum ob-
tained a' P when both sources are turned on. A shift
of the spectral maximum towards lower frequencies
of about 1x 10'? rad/s is revealed. In order to pro-
duce a blueshift, the spectra of B, and B; were in-
terchanged (w,=3.04X% 10" rad/s; w,=3.01x10"*
rad/s). The system was adjusted in such a way that
the spectrum produced a1 P by a single source is still
represented by the curve (c). The specirum ob-
tained in this new situation when both sources are
radiating is given by curve (b). A blueshift of about
2X10'? rad/s is apparent. The asymmetry between
redshift and blueshift in the present experiment is 1o

10
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25 300 306 30
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Fig. 3. Experimental results (heavy dots) of the measurement of
field spectrum for the redshifting (curve (a)) and the blueshift-
ing (curve (b)). Curve (¢) represents the spectrum (multiplied
by a factor 2) produced by a single source. For the sake of clanty,
the experimental points have been connected by hnes.
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be ascribed to differences of the two spectral com-
ponents (both in linewidth and in weight).

While this paper was managed for publication, the
results of a similar experiment were presented by
W.H. Knox and R.S. Knox at the 1987 Annual Meet-
ing of the Optical Society of America.

This work was supporied by Ministero Pubblica
Istruzione (Italy).
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Shifts 1n spectral lines, due to source correlation and violation of scaling law, have been discussed with reference to spectrora-
diometnc measurements. The large scatter found in the intercompanson of spectroradiometric scales maintained by standards

laboratories 1s auributed 10 the spectral shifts.

1. Introduction

Recently Wolf [1-3] has shown that statistical
correlation of light emitied by a paruially coherent
source can produce a frequency shift in the spectrum
observed in the far field. This shift is produced only
when the correlation function of the emitied radia-
lion does not satisfv a certain scaling law. A few ex-
perimernts {4-8] have been performed to prove this
theoret.cal prediction which has far reaching con-
sequences in the field of optical measurements. The
effect can be directly observed in spectroradiometric
measurements where the spectral power of a source
I1s meas'ired as power emanating/incident per unit
area pcr unit wavelength. To measure the spectral
power distribution, different apertures are placed in
the optical path between the source and the mono-
chrom tor. These apertures make the incoherent light
partialiv coherent and a source correlation is intro-
duced which along with the optics involved violates
certair. scaling law thereby modifying the spectral
distribution of the source in the far zone. While dis-
cussing the sources of errors in spectroradiometry,
Moore [9] has stated emphatically that the speciral
transmssion charactenstics of monochromaiors are
notonously non-uniform. Nc suitable explanation of
this non-uniform behaviour of monochromator
transmission was given. On the basis of our experi-

In spectroradiometric measurements it is usual to
place an integrating sphere before the entrance shit of
the monochromator so that radiation enters the
monochromator only afier undergoing multiple re-
flections within the sphere. Accurately measured
small apertures of mm order dimensions are put on
the surface of the integrating sphere. These apertures
and the optics involved modify the degree of spectral
coherence of the light incident on the monochrom-
ator and the monochromator behaves in an erratic
manner.

This communication describes the effects of ap-
ertures placed in the optical path and the observed
shifts in the source spectrum. We have also endea-
voured to provide an explanation for the unexpecied
nonuniform behaviour of the monochromator.

2. Theory

Consider a quasi-homogeneous source whose
spectrum is a line having gaussian profile
Solw)=(1/6/2n)

X exp[ = (w-wy)?/26°), dxw,. )

and whose degree of spectral coherence is also gaus-
sian and independent of w viz.

mental observations, it is felt that shifts in the spec- uo(r)=exp(—r3/2¢°), (2a)
tral lines due to source correlation [2.3] may have and

some bearing with the unusual behaviour of the

monochromator transmission. fio(k)= (C\/Z—;t)-‘ exp(—=k3g/2), (2b)
0 030-4018/%9/303.50 © Elsevier Science Publishers B.V. 169
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where ¢ is called effective coherence length and
fg(k) is a three-dimensional Fourier transform of
Uq(r). Wolf has shown that such a source will emit
light whose spectrum in the far zone will be red
shifted if the degree of spectral coherence and co-
herence length is independent of frequency w. In
general. the spectral profile and degree of coherence
may not be true gaussian. In such cases a shift may
occur on either side of the source spectrum.

The spectrum of light in the far zone generated by
a source represented by eqs. (1) and (2) is given by

ST (w)=(a/d, 2n)
x exp[ - (w-wj/a’)/2(6/a)’], (3)

where a* =1+ (65/c)°, ¢ being the velocity of light

Eq. (3) shows that the emitted light in the far zone
has a gaussian profile. The frequency is not centred
at w, but is shifted.

It is thus evident that if some correlation exists in
the light emitted by a source, the spectrum in the far
zone is shifted with respect 1o the source spectrum
and the amount of shift depends on the effective cor-
relation length.

3. Experimental results

To study the effect of apertures placed in between
the source and monochromator vis-a-vis the corre-
lation properties of the source, the experimental set
up (fig. 1) used was an integrating sphere of 0.5 m
diameter coated with BaSO, paint. A 450 W tung-

FILTER -
&— LENS /MmimeoR
COMBINATION
PLANE - [ PLANE - I PLANE IX
INPUT SECONDARY FAR FIELD

Fig. |. Expenimental arrangement for realizing secondary source
with varying degree of spectral coherence.
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sten halogen lamp was placed at the centre of the
sphere. An aperture of 0.24 cm diameter was put on
the surface of the sphere. After multiple reflections,
the hight falls on this aperture. (The aperture plane
is assigned as source plane 1.) Diflerent filter-lens
and filter-mirror combinations were used to pro-
duce a secondary source at the focus of the combi-
nation (considered as secondary plane II). Aper-
tures of varying sizes from 0.24 cm to 1.0 cm were
put at the secondary plane 11. The spectrum of light
in far zone i.c. in piane III, was recorded with the
help of a 0.5 m Jarrell-Ash grating monochromator
without and with the apertures. It was observed that
without the apertures, the spectrum of light in plane
111 was independent of the location of the mono-
chromator. Insertion of an aperture in plane I made
the spectrum shift. Observations with varving ap-
erture sizes were made and it was observed that after
a critical size of the aperture the shift disappeared.
The observations were repetitive and reproducible
and are presented in table 1.

The circular aperture placed a1 plane 1 produced
a secondary source at plane I1. Varnious combinations
of filter-lens/mirror were used to eliminate the
wavelength dependence of the complex degree of
spectral coherence which is produced through ap-
plication of Van Cittert-Zernike theorem. The illu-
mination thus produced in plane II violated the scal-
ing law. Introduction of a circular aperture in plane
11 helped in modifying the spectrum in the far zone.

Table |
Spectral shift vanation with different aperture

Peak Half Shified peak transmission
transmission band- wavelength (nm} with
wavelength width secondary aperture

(nm)

dia2.4mm dia 10 mm

4220 9 42190 4220
484.1 9 483.6 4841
5124 5 514.1 5124
566.1 13 564.) $66.1
609.1 8 610.3 609.1
652.0 8 653.2 6520
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4. Discussion

The above observations reveal that if the size of
the aperture is very small the shift in the spectral line
is large and when the aperture size is increased the
shift reduces. In all spectroradiometric measure-
ments it is a common practice that small apertures
of the size of mm are used on the integrating sphere.
To the best of our knowledge no work has been re-
ported where the partial coherent nature introduced
by propagation through the optical system and ren-
dered to the light emitted from the aperture of an
integrating sphere is taken into consideration. The
experimental evidence [8] as well as the theoretical
stimulations have, however, indicated that due weight
has 1o bc given to the correlation properties of light
emitied by the apertures and the effect of correlation
property on the spectrum of the emitted light. If these
above factors are considered. it is expected that par-
uially coherent light when viewed through interposed
optics and monochromator will show a spectral shift.
The nature and magnitude of the spectral shift will
depend on the optical path and the violation of scal-
ing law for the spectral degree of coherence. This
quahtatively explains the unexpected behaviour in
the measurement through a monochromator which
was earlier ignored or was taken as measurement un-
certainty. Far reaching consequences of this effect
can be expected throughout the entire electromag-
netic spectrum. For example the large scatter in the
1974 intercomparison [9] of the speciral irradiance
scale of eight standard laboratories could. to some
extent. be attributed to the correlation property of
the light emitted from the integrating sphere and aiso
due to different optical set ups used by different na-
tional laboratories.

In a senes of papers. Wolf has shown that if the
spectral degree of coherence follows scaling law, the
far field has the same spectrum as that of the non
coherent light. It means that for a source which ts
effectively spatially incoherent ie. (-0 and
i, (k) —0. no shift will occur. The above prediction
has been verified by us. It is also evident from the
theony that for a source with |ug(r)|=1. this shift
will be very small but for a partially coherent light
which violates scaling law, the shift is appreciable. In
our observation we have seen that if the size of the
secondary aperiures is less than the size of the co-
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herence length produced by the primary aperture. the
shift is less and if a third aperture with a size less than
the coherence length produced by the secondan ap-
erture is placed at plane 111, no shift is observed. With
increase in the size of the aperture at the secondan
plane we have observed that the shift increases and
that after a certain size of the aperture the shift dis-
appears. The observations are consistent with the
theoretical findings of Wolf.

In order 1o establish that the size of an aperture
placed before a radiometer plays a significant role in
spectral power measurements. we have taken obser-
vations by placing a filter having a 1'(~) response
before the aperture. Fig. 2 shows the shift in the
spectral distribution of a lamp-1'(~) filter combi-
nation in presence and in absence of a secondan ap-
erture. The observed spectral shift was 10 nm. In the
case of interference filters. the shifts observed were
of the order of their half bandwidth. For }'(2) filter.
however. the shift did not correspond to its large half
bandwidth but was relatively very small. We attrib-
ute the smaller shift with the 1'(4) filter 10 a parual
violation of the scaling law. It was also found that.
if the size of secondary aperture is more than some
critical size. 1'(4) spectral distribution does not
change during propagation.
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Fig. 2. Spectral distnbution of 1'(4) filter using lens optics (A)
without secondan aperture and (B) with secondan apenure
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11 is. therefore. concluded that mere placing an ap-
erture of any arbitrary value makes the spectrora-
diometric and radiometric measurements erroneous.
It should be ensured before taking any measurement
that the spectral distribution of the source and the
filters or monochromator combination should not
change by the optics involved in the path of the light
beam. Otherwise the measurements will not be true
measurements and may result in large deviations
from the true values.
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